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Chirality is of more and more concern in modern chemistry and related areas. The 
importance of single enantiomer of high value-added chemicals, especially 
pharmaceuticals, has greatly stimulated research and application in both asymmetric 
synthesis and chiral separation.  
High performance liquid chromatography (HPLC) with chiral stationary phase 
(CSP) is one of the most successful approaches towards chiral analysis and separation, in 
both analytical scale and preparative scale. In this work, new classes of chiral stationary 
phases have been developed based on azido cellulose phenylcarbamate derivatives. 
Azido cellulose phenylcarbamate (AzCPC) is first synthesized by the “protection-
deprotection” route in four steps. It is then immobilized onto aminopropyl silica gel via 
the Staudinger reaction. Two CSPs are prepared via the “bonding-with-pre-coating” 
approach (CSP AzCPC-I) and the “bonding-without-pre-coating” approach (CSP 
AzCPC-II). Since these two CSPs are prepared from the same chiral selector and 
substrate, the effect of immobilization approach is studied. Enantioseparation results 
show that CSP AzCPC-I has a better performance because of its larger surface 
concentration of the AzCPC chiral selector.  
Based on this successful “bonding-with-pre-coating” immobilization approach, 
another five AzCPCs are immobilized to afford a series of “iodine-ratio” CSPs. In the 
preparation of these five AzCPCs from the homogeneous synthetic route, different 
amount of iodine is used to react with cellulose in the LiCl/DMAc solvent system. 
Different AzCPC synthesized from different iodine-cellulose ratio has different degree of 
 vii
substitution value of azido and phenylcarbamoyl group, as characterized by elemental 
analysis, 1H NMR and 13C NMR. By comparison of the enantioseparation results of 25 
racemic analytes in standard IPA-hexane mobile phases, CSP AzCPC-1.5I2 is considered 
the best CSP in the “iodine-ratio” series. Further study in non-standard mobile phases 
shows that addition of chloroform or dichloromethane generally improves the resolution 
of tested racemic analytes. On the other hand, addition of tetrahydrofuran is only able to 
improve the resolution of a few analytes, while addition of ethyl acetate does not show 
any improvement.  
Ten substituted azido cellulose phenylcarbamates are synthesized by reaction of 
azido cellulose and corresponding substituted phenyl isocyanates. Optimum ratio of 
iodine : cellulose = 1.5:1 is used. The immobilized CSPs are compared in both standard 
and non-standard mobile phases. CSP AzCPC-3,5-(CH3)2 has the best overall 
performance while CSP AzCPC-4-CH3, AzCPC-3-Cl, AzCPC-4-Cl and AzCPC-4-I 
also resolve certain racemic analytes well. Because of the bonded nature of the current 
CSPs, they are resistant to non-standard mobile phases containing chloroform, 
dichloromethane or tetrahydrofuran. Optimization of selected racemic analytes is realized 
on various CSPs in chloroform-containing, dichloromethane-containing, tetrahydrofuran-
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1.1 Chirality and need of chiral separation 
In modern chemistry and separation science, chiral separation has attracted a 
lot of attentions all over the world. Chiral separation, as shown by its name, is the 
separation process of two (or more) enantiomers from each other. By definition, 
enantiomers are stereoisomers that are non-superimposable with their mirror images. 
Enantiomers are also referred to as “chiral molecules” and their handedness is called 
“chirality”. In a non-chiral environment, enantiomers have exactly the same physical 
and chemical properties, except their ability to rotate the plane-polarized light in 
opposite directions. As a result, chiral separation is one of the most difficult 
separation tasks, which is barely possible in a non-chiral separation environment. 
Although chiral separation is difficult, it is essential in many research fields 
and especially the pharmaceutical industry. The initial need for chiral separation arose 
from research and manufacture of chiral therapeutic drugs, which expanded to other 
fields including asymmetric organic synthesis, food analysis, environment analysis, 
agrochemical synthesis and analysis.1  
It is well known that a pair of enantiomers of a chiral drug may have different 
pharmacokinetic and pharmacodynamic effects.2 In addition, a pair of enantiomers 
may have different bioavailability, bioactivity, distribution, metabolic, excretion and 
toxicological behaviors.1,3 One of the most famous examples of chiral drugs is the 
sedative thalidomide, which led to a “thalidomide tragedy” in the mid 20th century. 
Sold during the late 1950s and early 1960s, the racemic form of thalidomide was 
mainly prescribed for morning sickness of pregnant women. Unfortunately, 
approximately 10,000 children were born with malformations because of the 
teratogenic property of thalidomide.4,5 It has been reviewed by Kean et al. that (R)-
thalidomide acts as a sedative, while (S)-thalidomide has the teratogenic property.6 
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Although the effects of both enantiomers are still under debate since they undergo 
rapid racemization at physiological pH in vivo,5 the tragedy was sad enough to alert 
the public of the importance of drug safety, especially of chiral drugs. Since then, 
single enantiomers of many chiral drugs have been investigated. It is very often that 
one enantiomer (eutomer) is more active for a given action, while the other 
enantiomer (distomer) may be less active, inactive, antagonistic, contributing to side 
effects or even toxic.7,8  
With the development of technology to produce and analyze single enantiomer 
on a commercial scale, the US Food and Drug Administration issued a formal 
guideline on chiral drug development in 1992.9 Ever since then, the number of new 
single enantiomeric drugs has increased significantly. Caner et al. have made a survey 
showing an increasing trend of using single enantiomers as new drugs.10 
Not only the number of single enantiomeric drugs has increased, but also their 
market sales value has increased. The annual sales (July 2006 – June 2007) of the top 
six single enantiomeric drugs in US added up to 42.9 billion US dollars.11 
On the other hand, the market of racemic drugs has gradually shrunk under the 
competition from single enantiomeric drugs. One example is the proton pump 
inhibitor - lansoprazole. Being a racemate, its sales value dropped from 4.0 billion 
(2003) to 3.5 billion (2006).12 The decreased sales value of lansoprazole is believed to 
be related to a new enantiomeric drug esomeprazole, which is the (S)-enantiomer of 
omeprazole. According to the review by McKeage et al., esomeprazole “demonstrates 
greater antisecretory activity” than the other commercial racemic proton-pump 
inhibitor drugs.13 
Chirality and chiral separation is not only important for drugs, but also for 
agrochemicals,14-16 environment,17-19 and food.20-23 For agrochemicals, a switch from 
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racemic mixture to single enantiomeric agrochemicals has been suggested for 
environmental, economical, health, safety and intellectual property reasons.16 For 
environmental science, the metabolism, degradation, transportation, accumulation and 
toxicity of chiral pollutants are studied by enantioselective analysis.19 For food 
science, chirality can be used for identification of adulterated foods and beverages, 
evaluation of food storage, evaluation of flavor and fragrance, and analysis of chiral 
metabolites of chiral and prochiral food components.21 
The great need to synthesize and analyze enantiomerically pure chemicals has 
led to a blooming development of both chiral synthesis and chiral separation in the 
past decades.  
 
1.2 Chiral separation techniques 
The increasing demand of enantiomerically pure compounds has stimulated 
development of asymmetric synthesis on both laboratory-scale and industry-scale.24 In 
2001, the Nobel Prize in chemistry was shared by Sharpless “for his work on chirally 
catalysed oxidation reactions”,25 with Knowles and Noyori “for their work on chirally 
catalysed hydrogenation reactions”.26,27 In his Nobel Lecture, Noyori has pointed out 
that the recent exceptional advances in asymmetric synthesis has attested to “a range 
of conceptual breakthroughs in chemical sciences in general”, “given rise to enormous 
economic potential” in many chemistry-related industry fields, and “spurred various 
interdisciplinary research efforts directed toward the creation of molecularly 
engineered novel functions”.27 
With the development and application of asymmetric synthesis, the ultimate 
goal is to synthesize single enantiomers in an asymmetric pathway. Since this ultimate 
goal has not been achieved yet, chiral separation still remains an interesting research 
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field. Time constraint is a major concern for the development of an efficient 
asymmetric synthetic route.1 The development of an economically efficient 
asymmetric synthesis of a specific enantiomer is often resource-intensive and time-
consuming.28 It is crucial to have enough amount of pure enantiomer for the first 
pharmacological test before much time and resource are devoted onto a complete 
asymmetric synthetic route. Separation of two enantiomers from a racemic mixture 
becomes an alternative choice since the racemic synthetic route is usually much 
simpler and less time-consuming. One such example was from Merck & Co., 
illustrating the use of rapid racemic synthesis and a preparative chiral separation to 
afford an enantiopure lactone intermediate for pre-clinical trials.29 
Chiral separation is also used to analyze the product from an asymmetric 
synthesis. In asymmetric synthesis, the enantiomeric excess (ee) value is the most 
important criteria to determine the quality of the synthetic route. Chiral separation is 
the most powerful analytical tool for accurate measurement of such ee value. In 
addition, chiral separation is also utilized in environmental science,17,18 food 
science,20-22 and agriculture.14,15 
 
Based on the characteristic properties of individual racemates, many chiral 
separation techniques have been developed in research and applied in industry. 
Basically, chiral separation techniques can be categorized into two major classes: non-
chromatographic methods and chromatographic methods. 
Non-chromatographic enantioseparation methods involve either a physical 
process or a chemical reaction. There are several commonly used non-
chromatographic enantioseparation methods: i) spontaneous crystallization, in which 
dextrorotatory and levorotatory homochiral crystals are spontaneously formed and 
mechanically separated;30,31 ii) formation and separation of diastereomers, in which 
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racemic substrate is converted to a pair of diastereomers by reaction with a chiral 
resolving reagent and separated by distillation, crystallization or non-chiral 
chromatography;32,33 and iii) kinetic resolution, in which “partial or complete 
resolution by virtue of unequal rates of reaction of the enantiomers”34-36 is achieved.  
Chromatographic enantioseparation methods have attracted research and 
application interests because of their high efficiency, high sensitivity and wide 
applicability. Chiral gas chromatography (GC) and high performance liquid 
chromatography (HPLC) are the two major techniques in modern chiral 
chromatographic separation.37,38 GC and HPLC, together with supercritical fluid 
chromatography (SFC), have separated more than 32,000 chiral compounds by 2007 
as shown by the data from ChirBase.39 Chiral GC is mainly used for the analysis of 
volatile and thermally stable chiral compounds from environmental, biological, 
agricultural and food sciences.40 Most GC enantioseparations are realized on GC 
chiral stationary phases (CSPs), which utilize three types of chiral selectors:40,41 i) 
amino acid derivatives, which form hydrogen bonding with the analytes; ii) chiral 
metal complexes, which interact with the analytes by coordination or complexation; 
and iii) cyclodextrin (CD) derivatives, which form inclusion complexes with the 
analytes. Chiral HPLC is widely used in enantioseparation of a large variety of chiral 
compounds and it is reviewed in Section 1.3.  
Besides GC and HPLC, there are also other chromatographic chiral separation 
techniques. Chiral thin layer chromatography (TLC) is mainly developed for real-time 
monitoring of chiral synthesis progress because of its flexibility, low price, short 
analysis time and wide choice of mobile phases.42,43 Chiral supercritical fluid 
chromatography (SFC) uses CO2 super fluid (with polar modifiers) as its mobile 
phase and is considered as a complement to chiral HPLC.44,45 Chiral electrophoresis 
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(CE) is able to separate and detect trace amount of analytes because of its high 
theoretical plate numbers and low detection limit.46,47 Chiral simulated moving bed 
(SMB) and counter-current chromatography (CCC) are mainly designed for 
preparative chiral separation, which can separate relatively large amount of racemates 
with minimum consumption of solvents.48,49 
 
1.3 High performance liquid chromatography in chiral separation 
High performance liquid chromatography (HPLC) is currently the most widely 
used chromatographic enantioseparation technique.38,39 Traditionally, achiral HPLC 
has been widely used in chemical, biological, pharmaceutical, environmental, food 
and forensic analysis, in both research laboratories and industries. HPLC has become 
one of the most common modern chemical analysis techniques because of its 
versatility, efficiency, stability, reproducibility and sensitivity. With these advantages, 
HPLC continues to be one of the best choices for chiral analysis and separation. 
Basically, there are two modes to achieve enantioseparation on HPLC: i) the 
indirect mode by addition of chiral mobile phase additive (CMPA); and ii) the direct 
mode by using chiral stationary phase (CSP). While CMPA is more often used in CE 
and TLC enantioseparations, CSP is the dominant enantioseparation mode in HPLC. 
There are more than 100 commercially available CSPs that have been developed over 
the past thirty years,38 not to mention the even larger number of “home-made” CSPs. 
HPLC CSPs are classified by Wainer into five major types according to the 
interactions between CSPs and analytes.50 
 
1.3.1  Type I CSPs in HPLC: Pirkle-type CSPs 
Type I CSPs, also known as the “Pirkle-type” CSPs, utilize low-molecular-
mass molecules as chiral selectors. The interactions between CSPs and analytes 
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include hydrogen bondings, π-π interactions, dipole stackings and other attractive/ 
repulsive interactions. Type I CSPs are further divided into three groups: π-acidic (π 
electron acceptors), π-basic (π electron donors) and π acidic-basic (both π electron 
donors and acceptors).51 The advantages of type I CSPs include good kinetic 
performance, chemical and thermal stability, broad applicability, and compatibility 
with any mobile phases.51 In addition, it is possible to control the elution order by 
“fine tuning” of the chiral selectors.52 Meanwhile, the disadvantage is their relatively 
low loading capacity, which limits their application in preparative separations. 
 
1.3.2  Type II CSPs in HPLC: polysaccharide-derived CSPs 
Type II CSPs are based on polysaccharide derivatives. They will be separately 
reviewed in Section 1.4. 
 
1.3.3  Type III CSPs in HPLC: inclusion-type CSPs 
Type III CSPs utilize cyclodextrins/cyclodextrin derivatives, chiral crown 
ethers, or optically active synthetic polymers as the chiral selectors. On these CSPs, 
the enantiomers are mainly discriminated by formation of inclusion complexes in 
reverse phase mode.  
 
1.3.3.1 Cyclodextrin-derived CSPs in HPLC 
Cyclodextrins (CDs) are cyclic oligomers of α-D-glucose units, well known 
for their ability to form inclusion compounds.53 As each α-D-glucose unit has five 
chiral centres, CDs and CD derivatives are widely used as chiral selectors in HPLC, 
GC and CE. 
Armstrong’s group reported a hydrolytically stable CSP via ether linkage54 
and its application in separation of enantiomers55 and especially drug stereoisomers.56 
This CSP was one of the earliest commercialized LC CSPs by the Advanced 
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Separation Technologies.57 Thereafter, many functionalized β-CDs were studied by 
the same group and the development was reviewed.58 The effect of spacer arm was 
also studied by bonding β-CD with three different epoxydized methoxysilane 
spacers.59 Other than β-CD, α-CD60-62 and γ-CD63 were also bonded and evaluated as 
practically useful CSPs. 
Okamoto’s group coated 3,5-dimethylphenylcarmabates of α-, β- and γ-CD 
onto aminopropyl silica gel and compared them with 3,5-dimethylphenylcarbamates 
of oligosaccharides.64 They also reported chemical immobilization of 3,5-dimethyl-
phenylcarbamoylated α-, β- and γ-CD by three different methods using six different 
difunctional spacers and discussed the influence of the amount and surface 
concentration of immobilized CD, the orientation of CD and the degree of substitution 
(DS) on CD.65,66 Based on the same spacers, 17 new CSPs were prepared by chemical 
immobilization of dichloro-, dimethyl- or chloromethylphenylcarbamates of CDs.67  
Ng and co-workers reported synthesis and immobilization of mono-(6-azido-
6-deoxy)perfunctionalized β-CDs68 and their analytical-scale69 and preparative-scale70 
separation of several racemates in reverse phase mode. Based on the same 
methodology, perphenylcarbamoylated α- and γ-CD were immobilized and 
evaluated.71 In order to further improve the hydrolytic stability, heptakis(6-azido-6-
deoxy-2,3-di-O-phenylcarbamoylated)-β-CD72 and its 2,3-di-O-methylated analogue73 
were immobilized via multiple urea linkages and evaluated as CSPs. Another 
immobilization approach was also reported using 6A-mono-ω-alkenylcarbamido-6A-
deoxyperfunctionalized β-CDs as the key intermediate,74,75 yielding new CSPs 
without free amine groups on the silica surface. Similarly, mono(6A-N-allylamino-6A-
deoxy)perfunctionalized β-CDs were immobilized by silanization to afford CSPs 
without free amine groups.76,77 Besides immobilization at the primary C6 position, 
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mono-azido-perfunctionalized β-CDs were also immobilized at the secondary C2 
position.78 More recently, an ionic chiral selector mono-6-(3-methylimidazolium)-6-
deoxyperphenylcarbamoyl-β-CD chloride was studied on HPLC and SFC.79 
Many other research groups have also contributed to the development of CD-
derived CSPs. König’s group reported synthesis of monofunctionalized alkylated β-
CDs and their immobilization via nucleophilic ring opening or reductive amination to 
afford new CSPs with 12/13-atom spacers.80,81 Ciucanu, together with König, reported 
the immobilization of peralkylated β-CDs via a pentyl/octyl spacer without any 
heteroatoms and investigated the influence of spacer length, immobilization position 
and immobilized chiral selector amount.82,83 Mosandl’s group prepared a special 
“ME-/AC-β-CD with only one of seven methyl groups in 3-position substituted by an 
acetyl group”, and bonded it according to König’s method on monolithic column.84 
Félix’s group reported immobilization of β-CD onto silica gel with carbamate spacers 
of different lengths and compared them in normal and reverse modes.85 They also 
prepared β-CD phenylcarbamates with different substituents on the phenyl ring, 
immobilized them onto silica gel with a carbamate spacer, compared their enantio-
selectivity and tried to illustrate the separation mechanism.86 Tanaka et al. bonded 
monoallyloxyethylated β-CD and γ-CD onto hydride-modified silica to produce 
“CSPs without an unreacted spacer” and compared them with the “CSPs with an 
unreacted spacer”.87 They also synthesized selectively methylated β-CDs and γ-CDs, 
bonded them by the same spacer, examined their enantioselectivities and discussed 
the roles of the secondary hydroxyl groups in the enantioseparation process.88,89 Ryu 
et al. bonded (3-O-methyl)-β-CD and (2,3-di-O-methyl)-β-CD by (3-isocyanato-
propyl)triethoxysilane as the spacer and separated various amino acid derivatives in 
reverse phase.90,91 Tazerouti and co-workers bonded β-CD,92 2-hydroxypropyl-β-
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CD,92 and their phenylcarbamates93,94 onto silica gel by the same spacer as Ryu et al. 
and applied these CSPs in multimodal separations. More recently, Zhang et al. 
reported the application of click chemistry in the preparation of CD-derived CSP.95 
 
1.3.3.2 Crown ether-derived CSPs in HPLC 
Crown ethers are synthetic macrocyclic polyethers with a cavity.96 Three types 
of chiral crown ethers have been successfully utilized as chiral selectors: i) crown 
ethers incorporating a chiral binaphthyl unit; ii) crown ethers with a tartaric acid unit; 
and iii) phenolic pseudo chiral crown ethers.97 The synthesis, structure characteristics 
and enantioseparation results of crown-ether-derived CSPs have been reviewed by 
Hyun and co-workers.97,98 
 
1.3.3.3 Optically active synthetic polymer derived CSPs in HPLC 
Optically active synthetic polymers derived CSPs are another class of type III 
CSPs. These polymers are further classified into three categories:99 i) addition 
polymers, including polymethacrylates, polyacrylamides, polymethacrylamides, 
polyolefin, polystyrene derivative, polychloral, polyisocyanide, polyacetylene and 
polyether; ii) condensation polymers such as polyamides and polyurethanes; iii) cross-
linked polymers, which are molecularly imprinted polymers with chiral cavities. 
Among these polymers, single-handed helical polymethacrylates and polymethacryl-
amides are of special interest. They were mainly synthesized and investigated by 
Okamoto and co-workers.99-101 Molecularly imprinted polymers were also widely 
studied and reviewed by Sellergren102 and Maier et al.103 
 
1.3.4  Type IV CSPs in HPLC: chiral complex CSPs 
Type IV CSPs are based on formation of mixed-ligand ternary diastereomeric 
complexes between the chiral selector and chiral analytes. Chromatography based on 
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type IV CSPs is also called chiral ligand exchange chromatography. Complexed with 
Cu(II) or other divalent metal cations, type IV CSPs are especially effective in 
separation of derivatives of α-amino acids, hydroxy acids and amino alcohols.104 The 
developments, applications104,105 and theoretical background105,106 of chiral ligand 
exchange chromatography have been reviewed.  
 
1.3.5 Type V CSPs in HPLC: protein-derived CSPs and antibiotics-derived  
CSPs 
Type V CSPs utilize proteins as chiral selectors and the analytes are separated 
based on the hydrophobic and polar interactions. As the physically absorbed proteins 
can be eluted by the mobile phase, chemically bonded proteins are more often used as 
CSPs. For chemical immobilization, proteins can be bonded either via the amino 
group by a urea linkage107 or an amine linkage,108 or via the carboxyl group by an 
amide linkage.109 Once chemically bonded, the chiral recognition properties of a 
protein may be different from its free form in solution because either its functional 
groups are blocked or its conformation has changed.110 Although protein-derived 
CSPs show unique enantioselectivity for some drugs and drug metabolites, they suffer 
from several drawbacks: i) significantly shortened column lifetime when organic 
solvent(s) or high temperature is used; ii) low efficiency due to slow adsorption-
desorption kinetics; iii) low capacity because of large size of protein.111 Protein-
derived CSPs and their applications have been reviewed by Haginaka110 and Millot.111 
Recently, CSPs based on macrocyclic antibiotics (ansamycins, glycopeptides, 
polypeptides and aminoglycosides) have been developed.112 These CSPs have been 
claimed to be similar to protein-derived CSPs, with higher capacities and stabilities.112 
The interactions between chiral selectors and analytes include: π-π complexation, 
hydrogen bonding, hydrophobic inclusion, dipole stacking, steric repulsions and a 
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combination of interactions.113 The chemical properties, chromatographic conditions, 
mechanisms, limitations and applications of macrocyclic antibiotics in HPLC have 
been reviewed.112,113 
 
1.4  Polysaccharide-derived CSPs in HPLC 
According to Wainer’s classification,50 polysaccharide-derived CSPs belong to 
type II CSPs in HPLC. The solute-CSP interaction is a combination of two forces: i) 
hydrogen bondings, π-π interactions and dipole interactions, which are typical in type 
I CSPs; and ii) formation of inclusion complex into cavities or ravines, which is 
typical in type III CSPs.114,115 Because of their unique enantioselectivities towards 
various classes of racemic compounds, polysaccharide derivatives have become “the 
first and broadest choice” of chiral selectors in HPLC analytical and preparative 
separations of enantiomers.116 
Polysaccharide-derived CSPs are widely used in enantioseparation of a large 
number of chiral compounds. It has been claimed by Zhang et al. that “about 90% of 
racemates can be separated analytically” on commercially available polysaccharide-
derived CSPs.117 It has also been surveyed that “the polysaccharide based CSPs are 
clearly the most efficient CSPs with the broader application spectrum” in the 
enantioseparation of 442 clinic racemic drugs on 100 commercially available CSPs.118 
More specifically, two famous commercially available CSPs, CHIRALCEL OD and 
CHIRALPAK AD, have fully or partially resolved 400 (78%) racemates among 510 
racemates tested.119 In addition, about 70% of the preparative enantioseparations were 
performed on cellulose-derived CSPs.120 
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The development of polysaccharide-derived CSPs has continued for about 
three decades. It can be roughly divided into three stages: i) the early stage, ii) the 
coated CSPs stage, and iii) the immobilized CSPs stage. 
 
1.4.1  Early development of polysaccharide-derived CSPs 
It has been discovered by Hesse and Hagel that microcrystalline cellulose 
triacetate prepared from heterogeneous acetylation had a unique enantioselectivity 
compared with cellulose triacetate recovered from solution.121,122 However, the 
separations were usually performed under low or medium pressure because the 
polymeric packing materials lack enough compressive strength. The early high 
pressure LC enantioseparations were realized in the mid-1980s by coating cellulose 
triacetate,123,124 tribenzoate,123,124 tribenzyl ether,124 tricinnamate,124 trans- and cis-
tris(4-phenylazophenylcarbamate),125 and various polysaccharide phenylcarbamates126 
onto aminopropyl silica gel. Okamoto et al. has also claimed that the chiral 
recognition ability of coated cellulose triacetate is completely different from 
microcrystalline cellulose triacetate.123 
 
1.4.2  Development of coated polysaccharide-derived CSPs 
Among phenylcarbamates of seven polysaccharide (cellulose, amylose, 
chitosan, xylan, curdlan, dextran and inulin), cellulose triphenylcarbamate showed 
better performance compared to the other derivatives.126 Nineteen cellulose triphenyl-
carbamate derivatives were therefore synthesized, coated on silica gel to afford CSPs 
and compared.127 It was discovered that substituents at the 3- or 4-position of phenyl 
ring had a great influence on the enantioselectivity, while the 2-substituted derivatives 
were poor chiral selectors.127 It was also reported that 3,4- or 3,5-dimethyl/dichloro 
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substituted derivatives generally showed better enantioselectivities than the 
monosubstituted derivatives.127  
Similarly, CSPs based on twelve cellulose tribenzoate derivatives were also 
prepared and compared.128 Derivatives with electron-donating substituents, especially 
several methyl/dimethyl substituted derivatives, were generally superior to derivatives 
with electron-withdrawing substituents.128  
Amylose tris(3,5-dimethylphenylcarbamate) and tris(3,5-dichlorophenyl-
carbamate), as well as starch tris(3,5-dimethylphenylcarbamate), were also coated on 
silica gel and showed different enantioselectivities from their cellulose analogues.129 
 
Encouraged by the success of existing CSPs, new coated CSPs have been 
synthesized during the past decades, based on various per-functionalized 
polysaccharide derivatives:  
i) mono-substituted phenylcarbamate derivatives of cellulose and amylose: 
cellulose and amylose tris(4-t-butylphenylcarbamate)s;130 cellulose and amylose 
tris(4-isopropylphenylcarbamate)s;130 amylose 4-halophenylcarbamates;131 cellulose 
and amylose alkoxyphenylcarbamates;132,133  
ii) di-substituted phenylcarbamate derivatives of cellulose and amylose: 
cellulose and amylose 3,5-difluorophenylcarbamates;134 cellulose 3,5-bis(trifluoro-
methyl)phenylcarbamate;134 cellulose tris(chloromethylphenylcarbamate)s135,136 and 
amylose tris(chloromethylphenylcarbamate)s;137 cellulose and amylose tris(fluoro-
methylphenylcarbamate)s;138 cellulose and amylose 3-halo-5-methylphenyl-
carbamates;139 cellulose 3,5-dimethoxyphenylcarbamate;133 and amylose 3,5-
dimethoxyphenylcarbamate;140,141 
iii) other derivatives of cellulose and amylose: cellulose and amylose tris-
(cyclohexylcarbamate)s;142 cellulose and amylose cycloalkylcarbamates;143 cellulose 
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and amylose benzylcarbamates;144,145 cellulose and amylose cycloalkyl-
carboxylates;146 cellulose phenylcarbonate,147 benzoylformate,147 p-toluenesulfonyl-
carbamate,147 and benzoylcarbamates;147 and amylose benzoylcarbamates;147  
iv) derivatives of other polysaccharides: amylopectin tris(phenyl-
carbamate)s;148-150 chitosan, galactosamine, xylan, curdlan, dextran and inulin 3,5-
dimethylphenylcarbamates and 3,5-dichlorophenylcarbamates;151 curdlan triacetate;152 
chitin 3,6-bis(phenylcarbamate)s,153-155 chitin arylalkylcarbamates,155 chitin 
cycloalkylcarbamates;155 and urea- and imide-bearing chitosan phenylcarbamate 
derivatives.156 
 
Furthermore, regioselective polysaccharide derivatives were also synthesized 
and coated to afford CSPs for investigation: 
i) derivatives with two different substituents at the 6-position and 2,3-positions: 
cellulose and amylose 2,3-bis(3,5-dimethylphenylcarbamate)-6-(3,5-dichlorophenyl-
carbamate),157,158 cellulose and amylose 2,3-bis(3,5-dichlorophenylcarbamate)-6-(3,5-
dimethylphenylcarbamate);157,158 cellulose 2,3-bis(3,5-dimethylphenylcarbamate)-6-
(1-phenylethylcarbamate)s,158-160 amylose and amylopectin 2,3-bis(3,5-dimethyl-
phenylcarbamate)-6-(1-phenylethylcarbamate);160 cellulose 2,3-diphenylcarbamate-6-
(R-phenylethylcarbamate),160 cellulose 2,3-bis(3,5-dichlorophenylcarbamate)-6-(R-
phenylethylcarbamate);160 cellulose 2,3-dibenzoate-6-phenylcarbamates;158,159 
cellulose 2,3-bis(4-methylbenzoate)-6-phenylcarbamates,158 cellulose 2,3-bis(3,5-
dimethylphenylcarbamate)-6-benzoates;158,159 cellulose 2,3-bis(3,5-dichlorophenyl-
carbamate)-6-benzoates;158 cellulose 2,3-dibenzoate-6-acetate,161 cellulose 2,3-
acetate-6-benzoate;161 and cellulose 2,3-bis(3,5-dimethylphenylcarbamate)-6-
camphanoate;158 
 17
ii) amylose derivatives with three different substituents at the 2-, 3-, and 6-
positions: amylose 2-benzoate-3-(3,5-dimethylphenylcarbamate)-6-(3,5-dichloro-
phenylcarbamate),162 and amylose 2-benzoate-3-(3,5-dichlorophenylcarbamate)-6-
(3,5-dimethylphenylcarbamate).162 
The synthesis, application, comparison and possible chiral discrimination 
mechanism of regioselective polysaccharide derivatives were reviewed by Felix.163 
 
A special case of coated polysaccharide-derived CSPs were also reported, 
where mixed/composite chiral selectors (cellulose p-methylbenzoate, m-methyl-
benzoate and 3,5-dimethylphenylcarbamate) were coated on silica gel.164 The enantio-
selectivities of the composite CSPs were claimed to be identical to the intermediate 
values of the selectivities of the individual CSPs.164 
Matlin and co-workers have evaluated various properties of the silica support 
for the CSPs: loading of chiral selector,165,166 silica particle size,165 silica pore size,165 
and silica surface chemistry.167 A similar investigation using cellulose tris(3,5-
dimethylphenylcarbamate) as the probe chiral selector was also done by Okamoto and 
co-workers.168 Vinković et al. compared the influence of evaporation and 
precipitation method, as well as sieving process, on the performance of afforded 
CSPs.169 Recently, a two-step coating-precipitation procedure to generate a CSP based 
on a small-pore silica was reported, and was claimed to afford monodisperse and 
spherical CSP comparable to the commercial columns.170 
The development of coated polysaccharide-derived CSPs have been reviewed 
by Okamoto and co-workers3,101,114,115,119 and Daicel Chemical Industries Ltd.171,172  
The application of coated polysaccharide-derived CSPs have been reviewed 
on the enantioseparation of agrochemicals173 and clinical drugs.38,118,174,175 
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1.4.3  Development of immobilized polysaccharide-derived CSPs 
The coated CSPs are prepared by physical coating of polysaccharide 
derivatives onto silica gel surface. Because of the weak interactions between the 
chiral selector (polysaccharide derivative) and the substrate (silica gel), some organic 
solvents (chloroform, dichloromethane, tetrahydrofuran and ethyl acetate) are 
prohibited as mobile phase components because they may dissolve or swell the chiral 
selector. Usually, mixtures of alkanes (n-pentane, n-hexane or n-heptane) and 
alcohols (2-propanol (IPA), ethanol or methanol) are used as standard mobile phases 
in normal phase mode. However, the addition of “prohibited solvents” may offer 
better separation results than the standard solvent combinations. In addition, the 
“prohibited solvents” usually offer greater solubility for the racemic analytes than the 
standard solvents, which is crucial for preparative separations. Moreover, the 
determination of chiral recognition mechanisms by NMR and other spectroscopic 
techniques should preferably be in the “prohibited solvents”. As a result, chemical 
immobilization of polysaccharide derivatives becomes an interesting research topic to 
overcome the drawbacks of the coated CSPs. 
According to Zhang et al.,116 there are three approaches for the immobilization 
of polysaccharide derivatives: i) “the direct covalent linkage of the derivative on the 
support”, represented by the diisocyanate linkage; ii) “the reticulation of the 
derivative by a cross linking reaction”, represented by the photochemical 
immobilization; and iii) a combination of covalent linkage and reticulation, 
represented by copolymerization of vinyl-containing polysaccharide derivatives with 
vinyl monomers. 
Immobilized polysaccharide-derived CSPs are reviewed by Okamoto and co-
workers,3,176-178 Minguillón and co-workers,179 and Aboul-Enein and co-workers.180 
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1.4.3.1 Immobilized polysaccharide-derived CSPs by direct covalent linkage 
The first chemically bonded polysaccharide CSPs were reported in 1987 by 
Okamoto et al.181 Cellulose was non-regioselectively bonded to aminopropyl silica 
gel by diisocyanates, followed by perfunctionalization with 3,5-dimethyl- or 3,5-
dichlorophenyl isocyanate.181 A regioselective bonding (either at the 6-position or at 
the 2- and 3-positions) of cellulose and amylose 3,5-dimethylphenylcarbamates by a 
diisocyanate spacer was also reported.182 In addition, amylose synthesized by enzyme-
catalyzed polymerization was bonded to silica gel via an amide bond.183 Similarly, 
low-molecular-weight cellulose was also bonded at its reducing terminal via an amine 
linkage.184 The immobilization of various polysaccharide derivatives by 4,4'-
diphenylmethane diisocyanate,185,186 and 3-(triethoxysilyl)propyl isocyanate187 was 
also reported by Zou’s group.  
 
1.4.3.2 Immobilized polysaccharide-derived CSPs by reticulation 
Francotte from Ciba-Geigy patented photochemical cross-linking of several 
polysaccharide derivatives with a cyclic polymerizable group.188 Later, Francotte and 
co-workers reported thermal189 and photochemical190,191 cross-linking of 
polysaccharide derivatives bearing no polymerizable functional groups. It was 
claimed that “surprisingly, the high separation capacity is retained fully after 
immobilization” and the CSPs are resistant towards various solvents,189,190 although it 
was also admitted that “the exact reaction mechanism which leads to immobilization 
is still not yet elucidated”.175 
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1.4.3.3 Immobilized polysaccharide-derived CSPs by a combination of covalent  
linkage and reticulation 
Cellulose tris(p-vinylbenzoate) was synthesized and immobilized on acryloyl-
chloride-modified silica gel by radical copolymerization.192,193 The enantioselectivity 
of the immobilized CSP was slightly lower than the coated CSP because the polymer 
chain was too tightly bonded to silica and partly lost its highly ordered structure.  
Minguillón and co-workers reported immobilization of cellulose 3,5-dimethyl-
phenylcarbamate by 10-undecenoyl groups on five different chromatographic 
supports.194 Based on their initial investigations, the influences of degree of 
fixation,195 silica gel porosity,196 reticulation197 and solvent versatility198 were also 
studied. Other polysaccharide derivatives were also immobilized by this method and 
evaluated, including cellulose benzoates,199 substituted cellulose phenylcarbamates,200 
amylose 3,5-dimethylphenylcarbamate,201 chitosan phenylcarbamates,201,202 and 
chitosan benzoates.202 Cellulose benzoate derivatives were also immobilized by the 4-
(10-undecenyloxy)benzoyl group and showed improved enantioselectivity.203 
Another immobilization approach via copolymerization was proposed and 
applied by Okamoto and co-workers. Cellulose 3,5-dimethylphenylcarbamate 
(CDMPC) with about 30% p-vinylphenylcarbamate moiety at its 6-position was 
synthesized and immobilized via radical copolymerization with styrene.204 Following 
this approach, various regioselective or random derivatives of polysaccharides with p-
vinylphenylcarbamate,205,206 2-methacryloyloxyethylcarbamate,205-209 dec-1-ene-10-
carbamate,208 or methacrylate208,210 groups were prepared and immobilized by 
copolymerization with different vinyl monomers. 
Cellulose 3,5-dimethylphenylcarbamate with 3-(triethoxysilyl)propyl groups 
were prepared and immobilized by intermolecular polycondensation of the 
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triethoxysilyl groups.211,212 The authors have also anticipated the application of such 
derivatives in polysaccharide beads, capillary columns and monolithes.212 
 
1.4.3.4 Commercially available immobilized polysaccharide-derived CSPs  
Three immobilized polysaccharide-derived CSPs have been commercialized 
by Daicel Chemical Industries Ltd, namely CHIRALPAK IA (amylose 3,5-dimethyl-
phenylcarbamate), CHIRALPAK IB (cellulose 3,5-dimethylphenylcarbamate) and 
CHIRALPAK IC (cellulose 3,5-dichlorophenylcarbamate). CHIRALPAK IA and IB 
are immobilized versions of highly successful coated CSPs - CHIRALPAK AD and 
CHIRALCEL OD, respectively. On the other hand, CHIRALPAK IC does not have a 
commercial coated analogue because its chiral selector is soluble in most commonly 
used mobile phase solvents, although home-made coated CSPs have been evaluated in 
normal,127,134 reverse,213,214 and polar organic213,215 phases. 
These immobilized CSPs offer opportunities for enantioseparation in non-
standard mobile phases containing “prohibited solvents” such as chloroform, 
dichloromethane, ethyl acetate, tetrahydrofuran and acetone. The comparison of 
immobilized CSPs and coated CSPs were carried out between i) CHIRALPAK IA and 
CHIRALPAK AD,117,216-220 ii) CHIRALPAK IB and CHIRALCEL OD,221-223 iii) 
CHIRALPAK IA, CHIRALPAK IB and CHIRALPAK IC.116 
 
1.4.4  Other polysaccharide-derived CSPs 
Main developments of polysaccharide-derived CSPs are focused on physical 
coating and chemical immobilization of polysaccharide derivatives onto silica gel 
particles, as described in section 1.4.2 and 1.4.3. Nevertheless, there are also other 
polysaccharide-derived CSPs: either based on other chromatographic supports or with 
no support at all. 
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1.4.4.1 Polysaccharide-derived CSPs based on other chromatographic supports 
Although silica gel particle is the most widely used chromatographic support, 
it is not perfect and suffers from certain drawbacks, such as reduced stability under 
extreme pH (pH<2 or pH>8) and high temperature, as well as its surface acidity of 
residual silanol groups.224 CSPs based on other chromatographic supports have also 
been studied. 
Cellulose tris(3,5-dimethylphenylcarbamate) was coated on porous graphitic 
carbon,225 which is a hydrophobic phase with no surface functional groups.226 The 
graphitic-carbon-based CSP showed similar or better resolutions for certain analytes 
compared with the silica-based CSPs.225 
Carr and co-workers have introduced zirconia-coated cellulose tris(3,5-
dimethylphenylcarbamate) as a CSP and examined the coating amounts, coating 
conditions and CSP stability.227 The temperature-enantioselectivity relationship and 
the thermo-dynamic parameters were also evaluated.228 Based on the CSP, fast 
separations of several basic analytes were realized and the influence of mobile phase 
additives were studied.229 Thereafter, amylose tris(3,5-dimethylphenylcarbamate) was 
also coated on zirconia and compared with its cellulose counterpart.230 More recently, 
amylose tris(3,5-dimethylphenylcarbamate) was covalently bonded to carbon-clad 
zirconia and expected to offer potentially improved chromatographic performance 
arising from the stability of the bonded CSP.231 
Chankvetadze and co-workers have reported cellulose tris(3,5-dimethyl-
phenylcarbamate) coated232 and covalently bonded233 onto monolithic silica. 
Monolithic silica is mainly developed for the increasing need towards faster 
separations with higher flow rate, lower backpressure, higher efficiency and more 
favorable dynamic properties.234 With its macroporous and cross-linked structure, 
 23
CSPs based on monolithic silica can offer ultrafast baseline enantioseparation within 
half a minute for certain racemic analyte.232  
Svec and co-workers have coated and bonded cellulose 3,5-dimethylphenyl-
carbamate onto porous polymeric beads.235 The influence of the polymer bead pore 
size, pore volume, amine content, as well as the amount of chiral selector and 
crosslinker, were systematically studied.  
 
1.4.4.2 Polysaccharide-derived CSPs with no chromatographic support 
In the coated/immobilized CSPs, the surface concentrations of chiral selectors 
are limited by the surface property of the chromatographic supports. The loading 
capacities of such CSPs are often suitable for analytical or semi-preparative 
separations. In order to develop efficient CSPs for preparative purposes, new CSPs 
with high loading capacity are of research and application interest - CSPs with no 
chromatographic support. 
The first example of such CSPs is the microcrystalline cellulose triacetate 
(CTA-I).121,122 Thereafter, microcrystalline cellulose benzoate was prepared and 
compared with CTA-I.236 Benzoylcellulose beads,237 as well as o-, m- and p-methyl-
benzoylcellulose beads,238 were also prepared by dropwise addition of benzoyl-
cellulose solution to an aqueous surfactant solution. Later, neat polymeric beads of 
cellulose 3,5-dimethylphenylcarbamate were prepared and crosslinked with 
diisocyanates, showing high sample loading and solvent versatility.239,240 The 
influence of the type of diisocyanates and the amount of residual hydroxyl groups on 
the cellulose derivatives was also studied.240 The amylose derivative beads were 
similarly prepared and studied.240  
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1.4.5  Mechanism study of polysaccharide-derived CSPs 
Detailed mechanism of enantioseparations is important for improvement of 
chiral separation methods in the future.241 To understand the enantioseparation 
mechanism, a “three-point rule” was first tentatively proposed by Dalgliesh242 and 
then restated by Pirkle.243 The well-known rule is stated as: “Chiral recognition 
requires a minimum of three simultaneous interactions between the CSP and at least 
one of the enantiomers, with at least one of these interactions being stereochemically 
dependant.”243 The interactions mentioned in the rule can be either attractive or 
repulsive, including hydrogen bonding, coordination bonding, electrostatic interaction, 
π-π interaction, steric affect, dipole-dipole interaction and van der Waals forces.243 
As the three-point rule only points out general minimum requirements for 
enantioseparation, the detailed working mechanism of specific CSPs is still worthy of 
investigation. 
Early work by Hesse and Hagel indicated that heterogeneously acetylated 
cellulose (CTA-I) and reprecipitated CTA showed different enantioselectivities and 
sometimes even reversal elution order for some analytes.121,122 A subsequent research 
revealed that the enantioseparations on CTA-I were similar to those on cyclodextrins, 
involving mostly formation of inclusion complexes.244 Thermodynamic245 and 
computational246 studies of CTA-I were also reported. 
Most of the mechanism researches of polysaccharide-derived CSPs were 
based on phenylcarbamates and benzoates of cellulose/amylose. One of the most often 
used methods for mechanism investigation is the chromatographic method: i) to study 
the retention behavior of a series of structure-related analytes and evaluate the 
structure-enantioselectivity relationship; and ii) to study the elution behavior of 
certain analyte(s) in different chromatographic conditions, including separation mode, 
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mobile phase composition, mobile phase additive, flow rate, temperature and pH. 
Many papers in section 1.4.1-1.4.4 have reported investigations of such relationships. 
Other methods for mechanism study include NMR, MS, XRD and 
computational study. A left-handed 3/2-helical structure for cellulose tribenzoate and 
cellulose triphenylcarbamate was proposed by X-ray structural analysis.247 
Spectroscopic, calorimetric and molecular modeling studies of cellulose tris(4-
methylbenzoate) were also reported.248 Interactions between cellulose tris(4-methyl-
benzoate) and various racemates were studied by 13C NMR.249 Chiral selectors soluble 
in chlorinated solvents were also studied by NMR: cellulose tris(4-trimethylsilyl-
phenylcarbamate),250,251 cellulose tris(3,5-dichlorophenylcarbamate),251 cellulose 
tris(5-fluoro-2-methylphenylcarbamate),252 cellulose tricyclohexylcarbamate,142,143 
amylose tris(4-trimethylsilylphenylcarbamate),251 and amylose tris(3,5-dimethyl-
phenylcarbamate).253 EI-MS254 and FAB-MS255 methods were used to study the chiral 
recognition of cellulose tris(5-fluoro-2-methylphenylcarbamate). Molecular 
mechanics calculations and molecular dynamics simulations were also utilized to 
study cellulose triphenylcarbamate,256-258 cellulose tris(3,5-dimethylphenyl-
carbamate),257,258 amylose triphenylcarbamate,258 and amylose tris(3,5-dimethyl-
phenylcarbamate).258,259 
It has been summarized that the most important adsorption sites of 
polysaccharide phenylcarbamate derivatives is the carbamate groups.114,115 As 
cellulose triphenylcarbamate possesses a left-handed 3/2-helical structure,247 the polar 
carbamate moieties are located inside while the hydrophobic aromatic rings are 
outside, especially in normal phase conditions.114 Thus the analytes would interact 
with the carbamate moieties via hydrogen bondings and dipole-dipole interactions on 
the one hand, while being included into the chiral helical groove on the other hand. In 
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addition, π-π interactions between phenyl groups of cellulose phenylcarbamate and 
aromatic rings of analytes may also play a role in the recognition of chirality, 
especially in reverse-phase mode HPLC separation.115 
Quite interesting results on enantioseparation mechanisms of polysaccharide-
derived CSPs have been reported, but the mechanisms are still not “satisfactorily 
elucidated at a molecular level”.101 The main reason is that “a number of different 
interaction sites with a different affinity for enantiomers exist on chiral polymers and 
the determination of their precise structures both in the solid state and in solution is 
not easy.” 101,114 
The mechanism of polysaccharide-derived CSPs was reviewed by 
Lipkowitz,260 Aboul-Enein,241 Yashima,115 and Okamoto.101,114,261  
 
1.5  Research objectives and scope 
Although several immobilized polysaccharide-derived CSPs have been 
developed during the past two decades as described in section 1.4.3, no “perfect” 
immobilized CSPs have been reported. According to Okamoto and co-workers, a 
“perfect” CSP should have the following requirements: high immobilization 
efficiency, high stability, high chiral recognition ability, wide applicability and simple 
processing.211 Our current research project is part of the on-going efforts for 
development of the “perfect” immobilized polysaccharide-derived CSPs. 
In this project, cellulose was regioselectively functionalized with azido group 
and various phenylcarbamate groups. Cellulose phenylcarbamates were covalently 
immobilized onto aminopropyl silica gel surface by stable urea linkage. Seventeen 
CSPs were prepared and characterized. Enantioseparations of various racemic 
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compounds were realized on the CSPs and the performances of the CSPs were 
compared. The aims of this project are: 
i) To develop a novel synthesis strategy for azido cellulose phenylcarbamate 
derivatives; 
ii) To immobilize the azido cellulose phenylcarbamate derivatives onto silica 
gel via the Staudinger reaction; 
iii) To compare the enantioselectivity of CSPs obtained from different 
immobilization approaches; 
iv) To evaluate the influence of the amount of the spacer group on the 
enantioselectivity of obtained CSPs; 
v) To study the effects of substituents on the phenyl ring of cellulose 
phenylcarbamate derivatives; 






Synthesis of azido cellulose 
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aminopropyl silica gel via the Staudinger 






Cellulose is a linear carbohydrate polymer composed of β-D-glucopyranose 
units. Such a unit is called the anhydroglucose unit (AGU) and these units are 
covalently linked through the β-(1,4)-glycosidic linkages. The degree of 
polymerization (DP) of cellulose is dependent on its origin and treatment. Typically, 
cotton and other plant fibers have DP in the range of 800-10000, while regenerated 
fibers have DP from 250 to 500.262 By partial chain degradation, microcrystalline 
cellulose (such as Avicel) is available with DP values between 150 and 300.262 
Each AGU of cellulose possesses three hydroxyl groups. The primary 
hydroxyl group at C6 is the most reactive and accessible; the secondary hydroxyl 
group at C2 is the most acidic and in close proximity to the acetal group; and the other 
secondary hydroxyl group at C3 is the most inaccessible. As the reactivities of the 
three hydroxyl groups are different, regioselective modification of cellulose is 
possible.263  
To convert cellulose to a proper chiral selector with spacer groups for 
immobilization, regioselective derivatization of cellulose is needed in the current 
research. The first step of regioselective modification of cellulose is usually a 
protection step by trityl,264,265 methoxy-substituted trityl,265,266 or bulky silyl267 groups. 
After the protection step, the remaining hydroxyl groups are per-functionalized via 
treatment with alkyl halide, acyl halide, acyl anhydride or isocyanate.262 The 
protection group is then removed or substituted with other functional groups, 
depending on the application. 
For the current research, the hydroxyl groups at the 6-position of the AGU are 
partially converted to azido groups for further immobilization of the cellulose 
derivative. The remaining hydroxyl groups at the 6-position, as well as those at the 2- 
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and 3-positions are per-functionalized to phenylcarbamates by reaction with phenyl 
isocyanate. The high enantioselectivity of cellulose phenylcarbamates has been 
extensively demonstrated by Okamoto and co-workers.114,126,127,176 Thus this project 
focuses on this class of derivatives with three main objectives:  
i) Synthesis of azido cellulose phenylcarbamate (AzCPC) via the 
“protection-deprotection” route; 
ii) Immobilization of azido cellulose phenylcarbamate (AzCPC) onto 
aminopropyl silica gel by two different approaches: 
• “Bonding-with-pre-coating” approach 
• “Bonding-without-pre-coating” approach 
iii) Performance evaluation and comparison of the above newly developed 
CSPs by HPLC.  
 
2.2  Synthesis 
Azido cellulose phenylcarbamate (AzCPC) was synthesized in four steps via 
the “protection-deprotection” route. After characterization, AzCPC was immobilized 
onto aminopropyl silica gel via two approaches. AzCPC that was not immobilized 
was removed by tetrahydrofuran (THF) Soxhlet extraction. The CSPs so produced 
were finally packed into HPLC analytical columns for evaluation. 
 
2.2.1 Synthesis of azido cellulose phenylcarbamate (AzCPC) via the 
“protection-deprotection” route 
 
The synthetic route of azido cellulose phenylcarbamate (AzCPC) is shown in 
Scheme 2.1.  
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Scheme 2.1 Synthesis of azido cellulose phenylcarbamate (AzCPC)  
via the “protection-deprotection” route. 
 
The 6-position of the AGU was first protected by a bulky 4-methoxytrityl 
group. After per-functionalization of hydroxyl group at the 2- and 3-position of the 
AGU, the 4-methoxytrityl group was removed. The free 6-hydroxyl group was then 
converted to azido group, which served later as the linkage for the immobilization of 
the polymeric chiral selector onto the aminopropyl silica gel. The introduction of the 
bulky 4-methoxytrityl group provided a soluble intermediate 2,3-diphenylcarbamoyl-
cellulose IV with free 6-hydroxyl groups for further reactions. 
In this synthetic route, the hydroxyl group at the 6-position of the AGU was 
first protected by reaction with 4-methoxytrityl chloride. The 4-methoxytrityl group, 
 32
being a commonly used protection group of alcohols, regioselectively reacted with the 
primary hydroxyl group at the 6-position of the AGU. On the other hand, the 
secondary hydroxyl groups at the 2- and 3-position were too hindered to react. 
For cellulose, even the primary hydroxyl group may not be quantitatively 
protected under the common conditions used for low-molecular-weight alcohols, and 
thus raised reaction temperature and long reaction time have to be applied.268 
According to Kondo and Gray,269 90% of the trityl substitution was at the 6-position 
of the AGU. Gömez et al. reported that 4-methoxytrityl group was more useful than 
trityl group as the former was introduced faster and removed easier than the latter.265 
In the current research, the 4-methoxytrityl substitution was confirmed by the 
methoxy C-H stretching at 2952 cm-1 in the FT-IR spectrum (Figure 2.1(b)), as well as 
the methoxy carbon at 55.8 ppm and the trityl methine carbon at 86.6 ppm in the 13C 
NMR spectrum (Figure 2.2). The 13C NMR chemical shifts are in good agreement 





Figure 2.1 FT-IR spectra of cellulose I (a) and 6-O-(4-methoxytrityl)-2,3-diphenyl- 

















Figure 2.2 13C NMR spectrum of 6-O-(4-methoxytrityl)-2,3-diphenylcarbamoyl-  
cellulose III in N,N-dimethylformamide-d7. 
 
CH3O trityl methine CH 
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After the protection of the 6-position, the hydroxyl groups at the 2- and 3-
positions were functionalized to phenylcarbamates by reaction with phenyl isocyanate. 
The isocyanates are esters of isocyanic acid and highly reactive. Their reactions with 
alcohols or amines provide a convenient route for the synthesis of urethanes (also 
known as carbamate esters or carbamates) or ureas.270  
Although low-molecular-weight alcohols react with phenyl isocyanate readily 
in high yield under mild conditions, the reaction between polysaccharides and phenyl 
isocyanate requires more stringent conditions. The main reason for the stringent 
conditions is the relatively low reactivity and solubility of polysaccharides. In order to 
improve the reaction rate and the solubility of the product, pyridine is the most 
common solvent. Pyridine is not only a good solvent for the product polysaccharide 
phenylcarbamate, but also a common catalyst in the reaction between alcohols and 
phenyl isocyanate. 
The reaction of 6-O-(4-methoxytrityl)cellulose II and phenyl isocyanate 
yielded the functionalized 6-O-(4-methoxytrityl)-2,3-diphenylcarbamoylcellulose III. 
From Figure 2.1, it can be seen that the strong absorption (at 3416 cm-1) due to 
hydroxyl group in cellulose I is replaced by the medium absorption (at 3391 cm-1) due 
to N-H stretching of carbamate groups in III. The aromatic C-H stretching peak at 
3058 cm-1 and two very sharp aromatic ring stretching peaks at 1602 and 1444 cm-1 
further confirmed the functionalization. It is further supported by the C=O stretching 
peak at 1748 cm-1, which is absent in the spectrum of pristine cellulose I. The 
successful functionalization is also supported by the good solubility of III in 
chloroform and DMSO. 
The 6-O-(4-methoxytrityl)-2,3-diphenylcarbamoylcellulose III was then 
treated with hydrochloric acid to remove the protective group, yielding the 
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deprotected 2,3-diphenylcarbamoylcellulose IV. The reaction was performed at room 
temperature to minimize severe degradation of cellulose backbone under acidic 
condition. To completely remove hydrochloric acid, the product was washed with 
methanol and water until the filtrate was neutral. The successful removal of the 4-
methoxytrityl group was confirmed by the disappearance of the methoxy carbon peak 
at 55.8 ppm in the 13C NMR spectrum. 
The free 6-hydroxyl group of 2,3-diphenylcarbamoylcellulose IV was then 
partially converted to azido group by two subsequent substitution reactions. The first 
step of the conversion was an iodination of the 6-hydroxyl group of the AGU. A 
mixture of iodine, triphenylphosphine and imidazole in the molar ratio of 1:1:2 was 
used as the iodination reagent. The mechanism of the iodination reaction was 
proposed by Garegg and Samuelsson (Scheme 2.2).271 They had also reported that the 
primary hydroxyl group of several common monosaccharides was regioselectively 
iodized while the unprotected secondary hydroxyl groups remained unreacted. 271-273 
NHN NNPh3P NHN HI.IPh3P + I2 + 2 +
NNPh3P I- + ROH NHN+
Ph3POR  I Ph3P O +   RI
Ph3POR  I
 
Scheme 2.2 Mechanism of iodination by iodine-triphenylphosphine-imidazole system. 
 
With the progress of the iodination reaction, the color of the polysaccharide 
solution changed from very pale yellow to orange and finally reddish brown. After 24 
h, sodium azide was added to continue this one-pot reaction. It was reported by 
Cimecioglu et al.274 that 6-halogeno-6-deoxyamylose underwent a nucleophilic 
substitution by sodium azide or lithium azide to give 6-azido-6-deoxyamylose in a 
quantitative yield. Either partially (DS = 0.37 or 0.22) or fully substituted 6-chloro-6-
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dexoyamylose was converted to corresponding 6-azido-6-deoxyamylose with no 
residual chloro group by reaction with 10-fold molar excess of sodium azide/lithium 
azide. In order to avoid the azido group from being reduced, the following steps 
should be taken: i) molar ratio of triphenylphosphine and iodine must be 1:1 with no 
excessive triphenylphosphine; and ii) a 5-fold to 10-fold molar excess of sodium 
azide/lithium azide is used.275-277 
The FT-IR and 13C NMR spectra of AzCPC are shown in Figure 2.3 and 2.4, 
respectively. The conversion of 6-hydroxyl group to 6-azido group in the current 
reaction was confirmed by the strong C-N3 peak at 2108 cm-1 (Figure 2.3). In addition, 
the conversion was only partial as in the 13C NMR spectrum, both the C6-OCONHPh 
peak at 64.6 ppm and the C6-N3 peak at 51.4 ppm existed (Figure 2.4). By 
comparison of these two C6 peaks, it was estimated that 30% of the 6-hydroxyl group 
was converted to azido group, close to literature reported value 40% 276 and 45% 277. 
 




















Figure 2.4 13C NMR spectrum of azido cellulose phenylcarbamate (AzCPC) V. 
 
2.2.2 Immobilization of AzCPC via the Staudinger reaction 
The as-synthesized AzCPC V can be directly bonded onto the substrate 
material, such as the aminopropyl silica gel via the Staudinger reaction. The 
chemically immobilized CSPs are usually made up of a chiral selector, a silica 
substrate and most importantly, the chemical linkage (or spacer). Here, urea bond 
(NH-CO-NH) is utilized as the linkage for the CSPs being studied. The formation of 
the urea bond is via the reaction between the azido group on cellulose derivative and 
the amino group on the aminopropyl silica gel in the presence of CO2 and 
triphenylphosphine. 
The Staudinger reaction was first reported in 1919.278 The reaction involves 
the nucleophilic addition of a trialkyl or triaryl phosphine at the terminal nitrogen 
atom of an organic azide and the expulsion of nitrogen gas.279 Scheme 2.3 depicts the 
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mechanism of the Staudinger reaction on AzCPC, in which the product is the 
iminophosphorane of cellulose phenylcarbamate. 
 
CPC = cellulose phenylcarbamate 
Scheme 2.3 Mechanism of the Staudinger reaction of azido cellulose  
phenylcarbamate. 
  
The iminophosphorane thus formed continues to react with carbon dioxide in 
situ. The reaction between an iminophosphorane and a carbonyl group is known as the 
aza-Wittig reaction, in which an imine or imine derivative is generated.280 In 
particular, an iminophosphorane reacts with carbon dioxide to form the corresponding 
isocyanate.281-283 In the current work, the isocyanato cellulose phenylcarbamate was 
generated in situ (Scheme 2.4) and immediately reacted with the amino group on 
silica gel surface to form the urea bond. 
 
 
CPC = cellulose phenylcarbamate 
 
Scheme 2.4 Mechanism of aza-Wittig reaction on AzCPC. 
 
The overall reaction between the azido cellulose phenylcarbamate and the 
aminopropyl silica gel is summarized in Scheme 2.5. 
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Scheme 2.5 Overall Staudinger-aza-Wittig reaction between azido cellulose  
phenylcarbamate (AzCPC) and aminopropyl silica gel. 
  
 
Two different approaches were utilized for the immobilization of azido 
cellulose phenylcarbamate: i) “bonding-with-pre-coating” approach and ii) “bonding-
without-pre-coating” approach (Scheme 2.6). The CSP obtained via the “bonding-
with-pre-coating” approach was coded as CSP AzCPC-I, while the CSP obtained via 















































Scheme 2.6 Synthesis of CSP AzCPC-I and CSP AzCPC-II. 
(i)  aminopropyl silica gel, AzCPC V, THF;  
(ii)  pre-coated silica gel, toluene, PPh3, CO2, r.t.;  
(iii)  aminopropyl silica gel, AzCPC V, THF, PPh3, CO2, r.t. 
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2.2.2.1 Immobilization via the “bonding-with-pre-coating” approach 
Several methodologies for chemical immobilization of cellulose-derived CSPs 
have been developed over the past decades, as reviewed in Section 1.4.3. Most of 
these immobilizations involved a pre-coating step and a chemical bonding step. In 
general, in the pre-coating step, the polysaccharide derivatives were coated onto the 
surface of modified silica gel by solvent evaporation. Thereafter, in the bonding step, 
the polysaccharide derivatives were chemically bonded by reactions between the 
functional groups on polysaccharide derivatives and the silica gel surface. Such 
immobilization technique is regarded as the “bonding-with-pre-coating” approach.  
In the current research, this “bonding-with-pre-coating” approach was used for 
preparation of CSP AzCPC-I. Firstly, AzCPC was dissolved in dry THF to form a 
dilute and clear solution. The solution must be dilute enough in order to mix well with 
the aminopropyl silica gel. Silica gel was then added to the solution and the mixture 
was sonicated to obtain a “homogenous” dispersion of the silica gel. The slurry was 
then gently heated while being stirred to evaporate the solvent. Stirring became 
difficult when the solvent was almost dry and the silica gel particles aggregated 
together to form a large bulk. When the solvent was completely dried, this bulk could 
be easily broken by a clean glass rod. This pre-coated silica gel was allowed to dry at 
40 oC under vacuum overnight to remove any traces of THF.  
The pre-coated silica gel was characterized by FT-IR and the results are shown 
in Figure 2.5. The peaks at 3480, 1636, 1109, 799 and 471 cm-1 originate from the 
aminopropyl silica gel and appear in both spectra. In Figure 2.5(b), the weak peak at 
2115 cm-1 is the azido peak; the peak at 1745 cm-1 is the carbonyl stretching peak of 
pre-coated AzCPC; and the peaks at 1605, 1552 and 1447 cm-1 are also from AzCPC. 
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However, the AzCPC peaks in the region of 1400-900 cm-1 are masked by the very 
strong Si-O stretching peak of the aminopropyl silica gel at around 1100 cm-1. 
 
Figure 2.5 FT-IR spectra of aminopropyl silica gel (a) and AzCPC-pre-coated  
aminopropyl silica gel (b). 
  
The FT-IR spectrum of pre-coated silica gel could be considered as a 
combination of spectra of pure aminopropyl silica gel and AzCPC. Because the mass 
of the aminopropyl silica gel is dominant (80%) in this “blend”, its IR absorption 
peaks are stronger than peaks from AzCPC. As a consequence, the peaks from 
AzCPC at 2115, 1745, 1605, 1552 and 1447 cm-1 could only be observed with much 
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weaker absorption at the wavelength where the aminopropyl silica gel has little or no 
absorption. Nevertheless, by looking at these weak peaks from AzCPC, the successful 
coating of AzCPC has been confirmed. 
After characterization, the pre-coated silica gel was subjected to the 
Staudinger reaction. The pre-coated silica gel was sonicated in dry toluene until the 
silica gel particles were evenly suspended in the solvent to form an orange slurry. To 
this slurry was bubbled dry carbon dioxide gas with gentle stirring. The flow rate of 
CO2 should be kept considerably low such that the rate of solvent evaporation was 
minimized during the reaction. A solution of triphenylphosphine in dry toluene was 
then added to the reaction mixture. During this 24-hour reaction, the azido groups on 
AzCPC reacted with the amino groups on the aminopropyl silica gel to form stable 
urea linkages via the Staudinger reaction.  
 
2.2.2.2 Immobilization via the “bonding-without-pre-coating” approach 
Although most immobilizations of cellulose-derived CSPs were via the 
“bonding-with-pre-coating” approach, a few CSPs were generated via the “bonding-
without-pre-coating” approach.183 In the “bonding-without-pre-coating” approach, the 
cellulose derivative was dissolved in a suitable solvent and reacted with modified 
silica gel directly in the same solvent. As there was no pre-coating step, this approach 
was denoted as the “bonding-without-pre-coating” approach. 
Using “bonding-without-pre-coating” approach, CSP AzCPC-II was prepared 
from AzCPC via the Staudinger reaction in dry THF. The FT-IR spectra of the two 
immobilized CSPs are shown and compared in Figure 2.6. The carbonyl stretching 
peak at 1735 cm-1 of CSP AzCPC-I is stronger than that of CSP AzCPC-II. This 
indicates that more azido cellulose phenylcarbamate is immobilized in the case of 
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CSP AzCPC-I. This also suggests that the pre-coating step is favorable in improving 




Figure 2.6 FT-IR spectra of CSP AzCPC-I (a) and CSP AzCPC-II (b). 
 
In the “bonding-without-pre-coating” approach, the immobilization reaction is 
conducted in THF. Since THF is a good solvent for AzCPC, the distance between the 
polymer chain and the silica gel surface is relatively far. However, only when the 
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polymer chain is close enough to the silica gel surface can the urea bond be formed. It 
is therefore possible that some polymer chains are not involved in the immobilization 
process. As a result, these polymer chains are removed by the subsequent Soxhlet 
extraction.  
In the “bonding-with-pre-coating” approach, toluene is the reaction media. In 
toluene, the polymer chains remain close to the silica gel surface and thus experience 
greater opportunities to form the urea bond. We will show in Section 2.3.1 and 2.3.2 
that the performance of the CSPs is partially dependant on the degree of 
immobilization.  
 
2.3  Comparison of enantioseparation of CSP AzCPC-I and 
AzCPC-II 
The CSPs synthesized as described in Scheme 2.6 were evaluated in both 
normal and reverse phase modes to investigate the influence of pre-coating on their 
enantioselectivities. As previously described, the CSP prepared via the “bonding-
with-pre-coating” approach was coded as CSP AzCPC-I, while the latter, prepared 
via the “bonding-without-pre-coating” approach was coded as CSP AzCPC-II. 
 
2.3.1 Theoretical plate number and surface concentration 
The theoretical plate numbers of both CSPs were measured by biphenyl using 
10% IPA-90% hexane as the mobile phase at a flow rate of 0.5 mL/min. The 
theoretical plate number was calculated by the equation: 
N = 16(tr/W)2 = 5.54(tr/W1/2)2 
where tr is the retention time of the analyte; W is the baseline width of the eluent peak; 
and W1/2 is the width of the peak at its half height. 
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The theoretical plate numbers of CSP AzCPC-I and AzCPC-II are 2.0×104 
and 1.8×104 plates per meter, respectively. Accordingly, the theoretical plate height of 
each CSP is 0.050 and 0.055 mm per plate, respectively. 
















In this equation, %C is the carbon mass percentage by elemental analysis; nc is the 
number of carbon atoms in the bonded moiety; M is the molecular weight of the 
bonded moiety; and S is the silica surface. 
In the current case, the bonded moiety is the chiral selector AzCPC V. As 30% 
of the 6-position of the AGU is azido group, the molecular formula per AGU is 
C24.9H23.2O7.4N3.6. Therefore, the nc value is 25.2, taking into account the additional 
0.3 carbon due to the formation of the carbonyl group in the newly-formed urea 
linkage. The molecular weight per AGU in such case is 491.27. The silica gel surface 
S is 300 m2/g for the Kromasil silica gel.  
The surface concentration of the two CSPs was calculated and shown in Table 
2.1. 
Table 2.1 Surface concentration of CSP AzCPC-I and CSP AzCPC-II. 
 
CSP C% H% N% Surface concentration (μmol/m2) 
AzCPC-I 15.58 2.03 3.24 1.20 
AzCPC-II 10.43 1.69 2.15 0.49 
 
It is apparent that the surface concentration of CSP AzCPC-I is more than 
twice that of CSP AzCPC-II, indicating that the pre-coating process significantly 
improved the immobilization efficiency. Based on the method described by 
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Minguillón et al., 195,196 the amount of immobilized AzCPC V on CSP AzCPC-I and 
CSP AzCPC-II was calculated to be 18.22 g and 8.10 g per 100 g of CSP, 
respectively. The immobilization efficiency is improved from 40% of CSP AzCPC-II 
to 91% of CSP AzCPC-I. This is in good agreement with the FT-IR spectra of the 
two CSPs, as discussed previously in Section 2.2.2.2. 
 
2.3.2 Enantioseparation in normal phase mode 
Various racemic compounds were analyzed in normal phase mode on CSP 
AzCPC-I and CSP AzCPC-II in an attempt to evaluate their enantioselectivity. The 



































Figure 2.7 Structures of racemates analyzed on CSP AzCPC-I and AzCPC-II. 
 
2.3.2.1 Enantioseparation in standard normal phases 
Traditionally, alkane-alcohol mixtures are utilized as the mobile phases in 
normal phase enantioseparation on polysaccharide-derived CSPs. The most 
commonly used alkane and alcohol are hexane and IPA, which are also used in the 
current work. 
The enantioseparation results of the eleven racemic compounds in mobile 
phase A (10% IPA-90% hexane) and mobile phase B (5% IPA-95% hexane) are 
shown in Table 2.2. From the chromatographic data, for both CSP AzCPC-I and CSP 
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AzCPC-II, it is clear that the retention of the analytes is longer when less IPA is 
added in the mobile phase. The capacity factor of the first eluted enantiomers, k1', in 
mobile phase B is 1.10-2.14 times of k1' in mobile phase A. In other words, the 
relative retention time of the first eluted enantiomers in mobile phase B is 1.10-2.14 
times longer than that in mobile phase A.  
 
Table 2.2 HPLC enantioseparation results for CSP AzCPC-I and CSP AzCPC-II in 
IPA-hexane mobile phases.  
Mobile phase A: IPA : hexane = 10:90; B: IPA : hexane = 5:95. 
 
Mobile phase A: IPA : hexane = 10:90 
 CSP AzCPC-I  CSP AzCPC-II 
Entry k1' k2' α Rs  k1' k2' α Rs 
1 1.25 1.37 1.09 0.70  0.60 0.60 1.00 / 
2 0.66 0.84 1.27 1.66  0.29 0.35 1.21 0.66 
3 5.38 6.50 1.21 1.48  4.11 4.72 1.15 1.33 
4 6.19 6.74 1.09 0.97  3.29 3.47 1.06 0.73 
5 1.71 2.02 1.19 1.54  0.87 1.00 1.16 1.14 
6 3.61 3.97 1.10 0.73  1.37 1.48 1.07 0.63 
7 1.98 2.16 1.09 0.89  0.79 0.83 1.05 0.51 
8 2.26 2.26 1.00 /  0.60 0.60 1.00 / 
9 9.19 10.54 1.15 0.93  3.49 3.92 1.12 1.05 
10 2.98 2.98 1.00 /  0.95 0.95 1.00 / 
11 4.62 4.62 1.00 /  1.44 1.44 1.00 / 
Mobile phase B: IPA : hexane = 5:95 
 CSP AzCPC-I  CSP AzCPC-II 
Entry k1' k2' α Rs  k1' k2' α Rs 
1 1.38 1.49 1.08 0.69  0.69 0.73 1.06 0.55 
2 0.66 0.86 1.30 1.72  0.28 0.36 1.28 0.81 
3 5.98 7.30 1.22 2.38  8.77 10.30 1.17 2.13 
4 8.56 9.32 1.09 0.94  4.70 4.97 1.06 0.80 
5 2.15 2.55 1.19 1.63  1.03 1.22 1.18 1.54 
6 5.79 6.41 1.11 0.78  2.32 2.51 1.08 0.71 
7 2.35 2.57 1.09 0.91  0.97 1.01 1.04 0.42 
8 2.71 2.71 1.00 /  1.12 1.12 1.00 / 
9 19.71 22.78 1.16 1.00  4.95 5.53 1.12 1.17 
10 4.25 4.25 1.00 /  1.55 1.55 1.00 / 
11 5.98 5.98 1.00 /  2.55 2.55 1.00 / 
 
These results are in agreement with the common trend in normal phase liquid 
chromatography that a mobile phase of weaker solvent strength generally results in 
longer retention time and vice versa. Thus by controlling the solvent strength, the 
retention time of the analytes can be adjusted to a reasonable length, without 
deterioration in enantioselectivity. 
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For racemates 1-7, CSP AzCPC-I provides both a higher selectivity α and a 
higher resolution Rs than CSP AzCPC-II. The higher enantioselectivity is due to the 
larger amount of bonded chiral selector V. Among the four flavanone derivatives 8-11, 
9 is separated when 10% (mobile phase A) or 5% (mobile phase B) IPA in hexane 
was used. Although 8 and 10 are not separated initially, they were resolved using a 
mobile phase containing a smaller amount (1%) of IPA. The chromatograms of 8 and 
10 in mobile phases containing 10%, 5% and 1% IPA are shown in Figure 2.8. 
Flavanone 8 6-Methoxyflavanone 10 
CSP AzCPC-I (“bonding-with-pre-coating” approach) 
  
CSP AzCPC-II (“bonding-without-pre-coating” approach) 
  
 
Figure 2.8 Enantioseparation results of flavanone 8 and 6-methoxyflavanone 10 on 
CSP AzCPC-I and CSP AzCPC-II in different mobile phases. 
 
However, using mobile phase A, CSP AzCPC-I shows a slightly lower 
resolution (0.93) of 9 although its selectivity (1.15) is higher than that of CSP 
AzCPC-II (1.12). This lower resolution is probably due to greater peak broadening as 
the capacity factor k1' of 9 on CSP AzCPC-I (9.19) is much larger than that on CSP 
AzCPC-II (3.49). A similar situation also applies to racemate 10 using 1% IPA-99% 
hexane as the mobile phase. As can be seen from Figure 2.8, the resolution of 10 on 
CSP AzCPC-I (0.56) is smaller than that on CSP AzCPC-II (0.65).  
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2.3.2.2 Enantioseparation in chloroform-containing normal phases 
The immobilized CSPs are compatible with various polar organic solvents. 
Solvents such as chloroform, dichloromethane, methyl tert-butyl ether, tetrahydro-
furan and ethyl acetate, dissolve or swell the polysaccharide derivatives and cause 
damage to the traditional coated CSPs. In the immobilized CSPs, these solvents can 
be utilized in any combinations to achieve an optimized enantioselectivity. 
In this work, CHCl3 was added to the standard IPA-hexane mobile phase 
system and the enantioseparation results of CSP AzCPC-I are shown in Table 2.3.  
 
Table 2.3 HPLC enantioseparation results of CSP AzCPC-I in CHCl3-IPA-hexane 
mobile phases.  
Mobile phase A: IPA : hexane = 10:90,  
B: CHCl3 : IPA : hexane = 5:5:90,  
C: CHCl3 : IPA : hexane = 9:1:90,  
D: CHCl3 : hexane = 10:90. 
 
 (A) CHCl3 : IPA : hexane = 0:10:90  (B) CHCl3 : IPA : hexane = 5:5:90 
Entry k1' k2' α Rs  k1' k2' α Rs 
1 1.25 1.37 1.09 0.70  1.08 1.08 1.00 / 
2 0.66 0.84 1.27 1.66  0.52 0.68 1.31 1.79 
3 5.38 6.50 1.21 1.48  6.61 8.28 1.25 1.68 
4 6.19 6.74 1.09 0.97  5.59 6.00 1.07 0.92 
5 1.71 2.02 1.19 1.54  1.37 1.63 1.20 1.62 
6 3.61 3.97 1.10 0.73  1.33 1.42 1.07 0.58 
7 1.98 2.16 1.09 0.89  1.50 1.63 1.08 0.79 
8 2.26 2.26 1.00 /  1.71 1.71 1.00 / 
9 9.19 10.54 1.15 0.93  7.37 8.75 1.19 1.31 
10 2.98 2.98 1.00 /  2.19 2.19 1.00 / 
11 4.62 4.62 1.00 /  3.33 3.33 1.00 / 
 (C) CHCl3 : IPA : hexane = 9:1:90  (D) CHCl3 : IPA : hexane = 10:0:90 
Entry k1' k2' α Rs  k1' k2' α Rs 
1 1.41 1.41 1.00 /  4.69 4.69 1.00 / 
2 0.49 0.62 1.25 2.00  1.63 2.41 1.47 3.97 
3 34.04 45.59 1.34 3.28  * * * * 
4 7.78 8.42 1.08 1.01  22.46 24.49 1.09 0.98 
5 1.86 2.36 1.27 2.22  3.77 3.77 1.00 / 
6 1.45 1.45 1.00 /  3.14 3.14 1.00 / 
7 1.93 2.09 1.08 0.76  3.58 3.58 1.00 / 
8 2.28 2.28 1.00 /  3.97 3.97 1.00 / 
9 11.06 14.13 1.28 2.31  44.79 55.53 1.24 1.43 
10 2.94 3.08 1.05 0.58  3.38 3.38 1.00 / 
11 4.90 4.90 1.00 /  16.48 16.48 1.00 / 
*: retention time is too long for an effective separation.  
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The addition of CHCl3 to the mobile phase led to enantioseparation of 
racemate 10, which was not resolved using 10% IPA-90% hexane. An increase of the 
amount of CHCl3 in the mobile phase also increased the resolution of some of the 
racemates (2, 3, 5 and 9). For example, the resolution of 2 increased from 1.66 
(mobile phase A, Figure 2.9(a)) to 3.97 (mobile phase D, Figure 2.9(b)). 






















Figure 2.9 Chromatograms of trans stilbene oxide 2 on CSP AzCPC-I in  
CHCl3-containing mobile phases A (a) and D (b). 
 
2.3.3 Enantioseparation in reverse phase mode 
Some racemic compounds were also separated in reverse phase mode using 
CSP AzCPC-I. The mobile phase was methanol-water system. The enantioseparation 
results of trans stilbene oxide 2, 1-(9-anthryl)-2,2,2-trifluoroethanol 3, benzoin 
methyl ether 5 and 2-phenylcyclohexanone 7 are shown in Table 2.4.  
 
Table 2.4 Enantioselectivity α of CSP AzCPC-I in reverse phase. 
 
Mobile phase          MeOH : Water (v:v) 
 50:50 55:45 60:40 65:35 70:30 80:20 90:10 100:0 
2 1.20 1.19 1.18 1.18 1.17 1.16 1.15 1.11 
3 1.11 1.10 1.10 1.09 1.08 1.07 1.00 1.00 
5 1.07 1.07 1.06 1.06 1.05 1.00 1.00 1.00 
7 1.05 1.05 1.05 1.05 1.00 1.00 1.00 1.00 
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With a decrease of the ratio of MeOH in the mobile phase, the 
enantioselectivity slightly increases. Some racemates (3, 5 and 7), which are not 
resolved in mobile phase containing high fraction of methanol (90% MeOH), become 
separated in mobile phases containing a lower fraction of methanol (60% MeOH).  
In addition, the retention time of the racemates increases as the ratio of MeOH 
decreases (Figure 2. 10). The increase is especially significant in the range from 60% 
MeOH to 50% MeOH. The capacity factor of the first eluted enantiomers, k1', of 1-(9-
anthryl)-2,2,2-trifluoroethanol 3, increases from 0.19 (100% MeOH) to 4.63 (60% 
MeOH) with a 40% decrease of MeOH fraction. More significantly, k1' increases from 
4.63 (60% MeOH) to 18.61 (50% MeOH) with only a further 10% decrease of MeOH 
fraction. Following this trend, the retention time will be too long for an effective 
separation if MeOH is less than 50% in the mobile phase. In addition, the reduced 
signal-to-noise ratio also becomes a problem as the peak height becomes too small 






50 55 60 65 70 75 80 85 90 95 100
% MeOH
k1'
+    trans  stilbene oxide 2
♦    1-(9-anthryl)-2,2,2-trifluoroethanol 3
▲   benzoin methyl ether 5
●   2-phenylcyclohexanone 7
 
Figure 2.10 Capacity factor k1' on CSP AzCPC-I in reverse phase mode. 
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2.3.4 Loading capacity of the HPLC columns 
The loading capacity is the largest amount of analyte that a column can 
accommodate without compromising resolution. 
In order to measure the loading capacity of the CSPs, trans stilbene oxide 2 
and benzoin methyl ether 5 were selected as the probe racemates. The main reasons 
for choosing these two racemates are their high enantioselectivity and short retention 
time in normal phase. The high enantioselectivity usually guarantees a successful 
resolution even if relatively large amount of sample is injected into the column. The 
short retention time allows repeated runs within a short period of time, which is 
especially crucial for preparative enantioseparation in industry. 
The racemates were dissolved in suitable solvents with different 
concentrations from 1 mg/mL to 250 mg/mL. The low concentration samples (1 
mg/mL and 10 mg/mL) were prepared in IPA, whereas the high concentration 
samples (50 mg/mL and 250 mg/mL) were prepared in CHCl3. The relatively low 
solubility of the samples in IPA prevents the use of IPA as the solvent at high 
concentration. However, the solubility is not a problem for CHCl3, which is one of the 
main reasons for the development of covalently-bonded CSPs. 
The detection wavelength of the UV-Vis detector was set at 280 nm. When 
analyte of high concentration is eluted, its strong absorption at 254 nm exceeds the 
range of the detector, bringing difficulty of determining the exact retention time. Thus, 
a change of the detection wavelength allows the use of conventional UV-Vis detector 
for preparative scale separation. 
The enantioseparation results are listed in Table 2.5. Samples of different 
concentrations were used so that the injection volume was no more than 10 μL. 
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Table 2.5 Separation of different amount of trans stilbene oxide 2 on CSP AzCPC-I  
in 10% IPA-90% hexane mobile phase. 
 
Amount (μg) k1' k2' α Rs 
1 0.640 0.830 1.296 1.725 
5 0.664 0.855 1.288 1.663 
10 0.649 0.833 1.284 1.504 
50 0.653 0.830 1.272 1.440 
100 0.624 0.792 1.269 1.332 
500 0.626 0.781 1.247 1.019 
1000 0.606 0.747 1.233 0.985 
 
The capacity factors of both enantiomers generally decrease as the amount of 
sample increases, although the decrease is not very significant. The capacity factor of 
the first eluent, k1', decreased by 5% (from 0.640 to 0.606); while k2' decreased by 
10% (from 0.830 to 0.747). As the elution time of the second enantiomer decreased 
more rapidly than the first enantiomer, the selectivity α, also continuously decreased 
from 1.296 to 1.233. Meanwhile, the decrease of resolution is quite apparent, from 
1.725 to 0.985. From Figure 2.11, the decreased capacity factors and resolutions are 
clearly shown. 
 
Figure 2.11 Chromatograms of trans stilbene oxide 2 on CSP AzCPC-I in  
10% IPA-90% hexane mobile phase. 
(The chromatograms are adjusted to the same scale for comparison.) 
 
When the resolution value is greater than 1.5, the two peaks are considered 
baseline separated. When the resolution value is 1.0, the two peaks are considered 
separated, each containing no more than 4% of the other component. Thus the 
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resolution value 1.0 is used as an indication of a “touching-band” separation in the 
loading capacity determination.198 Following this rule, the loading capacity of CSP 
AzCPC-I was determined as 500 μg trans stilbene oxide 2 in 10% IPA-90% hexane. 
The enantioseparation results of different amount of benzoin methyl ether 5 on 
CSP AzCPC-I are summarized in Table 2.6. Figure 2.12 shows selected 
chromatograms of 5, 50 and 500 μg injection amount. The loading capacity of 
benzoin methyl ether 5 was determined as 100μg for CSP AzCPC-I in 10% IPA-90% 
hexane. 
Table 2.6 Separation of different amount of benzoin methyl ether 5 on CSP AzCPC-I  
in 10% IPA-90% hexane mobile phase. 
 
Amount (μg) k1' k2' α Rs 
1 2.139 2.520 1.178 1.538 
5 2.230 2.620 1.175 1.460 
10 2.136 2.503 1.172 1.339 
50 2.120 2.475 1.168 1.245 
100 2.103 2.447 1.164 1.158 
500 1.989 2.294 1.153 0.885 
 
 
Figure 2.12 Chromatograms of benzoin methyl ether 5 on CSP AzCPC-I in  
10% IPA-90% hexane mobile phase. 
(The chromatograms are adjusted to the same scale for comparison.) 
 
It has been shown in Section 2.3.2 that CHCl3-containing mobile phases 
provide better enantioselectivity than standard IPA-hexane mobile phases for certain 
racemic samples. One example is the improved enantioselectivity of trans stilbene 
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oxide 2 in the mobile phase 10% CHCl3-90% hexane compared to that in the mobile 
phase 10% IPA-90% hexane. The enantioselectivity α increased from 1.27 (IPA-
hexane system) to 1.47 (CHCl3-hexane system). Thus it is expected that the loading 
capacity of trans stilbene oxide 2 in the CHCl3-containing mobile phase to be higher. 
The enantioseparation results of trans stilbene oxide 2 of microgram scale are 
shown in Table 2.7 and Figure 2.13. It is clear from both the table and the 
chromatogram that the retention time decreases as the amount of sample increases. In 
addition, although the enantioselectivity remains nearly the same, the resolution 
decreases significantly. The loading capacity in this mobile phase is determined as 2 
mg of trans stilbene oxide 2, which is three times more than the value in IPA-hexane 
mobile phase (500μg). Thus, the CHCl3-hexane mobile phase allows a larger amount 
of sample to be separated in a single run. 
 
Table 2.7 Separation of different amount of trans stilbene oxide 2 on CSP AzCPC-I  
in 10% CHCl3-90% hexane mobile phase. 
 
Amount (mg) k1' k2' α Rs 
1 2.203 3.032 1.376 1.250 
2 1.871 2.581 1.379 1.062 
3 1.859 2.535 1.363 0.808 
4 1.708 2.314 1.355 0.731 
 
 
Figure 2.13 Chromatograms of trans stilbene oxide 2 on CSP AzCPC-I in  
10% CHCl3-90% hexane mobile phase. 
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2.4  Summary 
Azido cellulose phenylcarbamate (AzCPC) were synthesized via the 
“protection-deprotection” route. The same AzCPC were used as chiral selectors of 
two CSPs. AzCPC was immobilized onto aminopropyl silica gel via the “bonding-
with-pre-coating” approach to afford CSP AzCPC-I and via the “bonding-without-
pre-coating” approach to afford CSP AzCPC-II. Characterization shows that the two 
CSPs have similar theoretical plate number (I: 2.0×104 m-1; II: 1.8×104 m-1) but 
different surface concentration of chiral selectors. The surface concentration of CSP 
AzCPC-I (1.20 μmol/m2) is 2.4 times of CSP AzCPC-II (0.49 μmol/m2). Based on 
enantioselectivity and resolution values, CSP AzCPC-I is superior to CSP AzCPC-II 
because of the higher surface concentration of CSP AzCPC-I. Many racemic samples 
can be resolved on CSP AzCPC-I in standard normal phase and reverse phase. 
Addition of CHCl3 as a non-standard component to the mobile phase improves 
the enantioseparation of some racemic analytes such as benzoin methyl ether, 5-
methoxyflavanone, 6-methoxyflavanone and trans stilbene oxide. Because of the 
improved resolution of trans stilbene oxide in the 10% CHCl3-90% hexane mobile 
phase, an enantioseparation of 2 mg sample was realized in a single run. 
The CSP AzCPC-I is superior to CSP AzCPC-II in both enantioselectivity 
and loading capacity. Thus, the “bonding-with-pre-coating” immobilization approach 
will be applied for further investigations after modification. In the next chapter, new 
CSPs containing cellulose derivatives with different amounts of azido group will be 
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3.1  Introduction 
CSPs that are based on immobilized cellulose derivatives have been studied by 
several groups in the last two decades.114,176,179 Immobilization approaches by various 
spacer groups have been developed, as reviewed in Section 1.4.3. However, the 
influence of the amount of spacer groups was not always addressed. Up to date, only 
three systematic studies on the amount of spacer groups have been reported. 194,195,204-
209,211,212 
 
Oliveros and co-workers synthesized a cellulose derivative bearing both 3,5-
dimethylphenylcarbamoyl and 10-undecenoyl groups and bonded it onto silica gel, 
graphite or alumina.194 A further study on the influence of the amount of spacer 
groups was then carried out by the same group.195 Cellulose was reacted with different 
ratios of 10-undecenoyl chloride and 3,5-dimethylphenyl isocyanate to afford 
cellulose derivatives with 0.02 to 1.16 10-undecenoyl groups per AGU for chemical 
immobilization. The enantioseparation results in both heptane-2-propanol and 
heptane-chloroform mobile phases suggested that the CSP from cellulose derivative 
with 0.31 10-undecenoyl groups per AGU was the best performer. According to the 
author, the poor performance of CSP with small amount of spacer groups was due to 
its smaller amount of immobilized cellulose derivative. On the other hand, the poor 
enantioselectivity of CSPs with too many spacer groups was attributed to the higher 
reticulation degree, which was detrimental to the helical secondary structure of the 
chiral selectors.  
 
Okamoto’s group developed another immobilization method through radical 
copolymerization with vinyl monomers. Spacers with vinyl group were randomly or 
regioselectively introduced to 3,5-dimethylphenylcarbamates of polysaccharides. The 
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polysaccharide derivatives were then coated onto vinylized or aminopropyl silica gel. 
The spacer groups were 4-vinylphenylcarbamoyl,204-206 2-methacyloyloxyethyl-
carbamoyl,205-209 dec-1-ene-10-carbamoyl208 or methacryloyl208 group. Initialized by 
AIBN, the coated polysaccharide derivatives were immobilized through 
copolymerization with several vinyl monomers: styrene,204-206 isoprene,205,209 t-butyl 
acrylate,205 t-butyl methacrylate,205 2,3-dimethyl-1,3-butadiene,207,209 ethylene glycol 
dimethacrylate209 or 1,5-hexadiene.208,209 
When comparing the effect of the structures of the vinyl spacers, 2-
methacyloyloxyethylcarbamoyl and methacryloyl groups were superior to 4-
vinylphenylcarbamoyl and dec-1-ene-10-carbamoyl groups. Firstly, cellulose 
derivatives with methacrylate or methacryloyl group as the spacer were more 
effectively immobilized than cellulose derivatives with the typical olefin groups.208 
Also, the enantioselectivity of the latter CSPs was not as good as the first two 
CSPs.208 Secondly, 4-vinylphenyl isocyanate is not commercially available and highly 
polymerizable.205,206 Thus, the difficult synthesis of the cellulose derivatives with 4-
vinylphenylcarbamoyl group made it inferior to methacrylate and methacryloyl 
groups.  
It was also suggested that the structure of methacryloyl group made it a better 
spacer group than 2-methacyloyloxyethylcarbamoyl group.208 The introduction of 
methacryloyl group, which was smaller in molecular size, was less likely to change 
the highly-ordered 3-D structure of the cellulose derivatives. While such 3-D structure 
was essential in the chiral separation process, the enantioselectivity of cellulose 3,5-
dimethylphenylcarbamate (CDMPC) was more retained. In addition, the carbonyl 
group of methacryloyl group was more near the chiral AGU and thus the interaction 
between the enantiomeric analytes and this “near” carbonyl group was less likely to 
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reduce the enantioselectivity. On the other hand, the carbonyl group of 2-methacyl-
oyloxyethylcarbamoyl group was far away from the chiral AGU. As a result, the 
enantiomeric analytes may be absorbed by this “far” carbonyl group, weakening the 
interaction between the analytes and the chiral AGU, reducing the enantioselectivity. 
The amount of the spacer group is also important to the enantioseparation 
results of the CSPs. A large amount of spacer groups can safely guarantee an efficient 
immobilization but the enantioselectivity may be sacrificed. When more spacer 
groups are introduced to the CDMPC structure, the structure becomes less ordered 
and its enantioselectivity decreases accordingly. On the other hand, the amount of 
spacer group must be kept above certain threshold to achieve reasonable 
immobilization efficiency. Using 2-methacyloyloxyethylcarbamoyl group as an 
example, it was demonstrated that the spacer group can be decreased to as low as 8% 
or 12% without significantly losing the immobilization efficiency.209 Meanwhile, the 
enantioseparation results for most tested racemates on these CSPs were improved 
compared to similar CSP with 30% spacer groups.209 
The type and amount of vinyl monomers used in the immobilization process 
also influenced the performance of obtained CSPs. 2,3-Dimethyl-1,3-butadiene 
(DMBD) and 1,5-hexadiene have been proven valuable vinyl monomers than the 
others because of their relatively high boiling point and lack of polar sites.209 Typical 
amount of the monomers were 30 wt% (DMBD)209 and 45 wt% (1,5-hexadiene)208 
relative to the cellulose derivatives. Although examples of immobilization without 
vinyl monomers were reported, either the efficiency was too low (50%),205 or this 
immobilization was neither further investigated nor applied in subsequent work.209  
 
Another immobilization strategy by intermolecular polycondensation of 
triethoxysilyl groups was also reported by Okamoto and co-workers.211,212 Cellulose 
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and amylose 3,5-dimethylphenylcarbamates bearing a small amount of 3-(triethoxy-
silyl)propyl residues were synthesized. The synthesis was carefully controlled by the 
amount of the derivatization reagents so that 1-4% of the hydroxyl groups of poly-
saccharides were converted to 3-(triethoxysilyl)propyl moieties. The polysaccharide 
derivatives were efficiently immobilized onto silica gel by acidic intermolecular poly-
condensation. The optimized CSP was claimed to be immobilized from the cellulose 
derivative with 2% of 3-(triethoxysilyl)propyl groups, because a compromise between 
highly ordered structure and high immobilization efficiency was reached.  
 
We feel that it is important to investigate the influence of the amount of spacer 
groups on the immobilization efficiency and the enantioselectivity of the obtained 
CSPs for our current research. Five azido cellulose phenylcarbamates (AzCPCs) with 
different amount of azido groups as the spacer groups will be synthesized and 
immobilized via the “bonding-with-pre-coating” approach. The obtained CSPs will be 
compared to investigate the influence of the amount of the spacer groups. The 
objectives of the current chapter are: 
i) To develop a more convenient and effective synthetic route of AzCPC;  
ii) To achieve an easier control of the amount of azido groups;  
iii) To determine the optimum amount of azido groups; 
iv) To investigate the solvent versatility of the immobilized CSPs. 
 
3.2  Synthesis 
Five azido cellulose phenylcarbamates (AzCPCs) with different amount of 
azido groups were synthesized by the homogeneous synthetic route. The five AzCPCs 
were then immobilized onto aminopropyl silica gel via the Staudinger reaction by the 
“bonding-with-pre-coating” approach. 
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3.2.1 Synthesis of azido cellulose phenylcarbamates (AzCPCs) via the 
homogenous synthetic route 
In Chapter 2, the synthesis of AzCPC was via the “protection-deprotection” 
route. In this route, the 6-position of AGU was first protected by the methoxytrityl 
group. The protected cellulose was then functionalized on the 2- and 3- positions. It 
was thereafter deprotected to recover the free 6-OH for further iodination and 
azidation. This route, although successfully applied, was tedious – four steps were 
needed for the final product.  
To synthesize AzCPC in a more effective way, an alternative route – the 
homogenous synthetic route – was proposed. By the new route, AzCPC with different 
DS of azido groups would be synthesized in less steps and shorter time. As shown in 
Scheme 3.1, the 6-OH of AGU was directly “protected” by azido group after an 
iodination reaction and a subsequent azidation reaction. In the subsequent per-
functionalization reaction, the azido group was not affected. Thus, the protection by 
methoxytrityl group and deprotection were not necessary and the whole synthesis was 
comprised of only two steps.  
 
Scheme 3.1 Synthesis of azido cellulose phenylcarbamate (AzCPC) via the 
homogenous synthetic route. 
 
For an effective iodination and azidation reaction, the starting material 
cellulose should be completely dissolved in a proper solvent. The reaction should be 
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homogeneous because it is difficult to get a partially substituted derivative with 
excellent control of the amount and distribution of the substituents in a heterogeneous 
reaction.284 This is especially critical in the modification of polymers applied as chiral 
selectors, as an evenly distributed spacer group (azido group) will result in more 
ordered 3-D structures of the chiral selectors, and thus better enantioselectivity.  
However, unlike oligosaccharides and other polysaccharides, cellulose has 
quite rigid molecular structure because of its intermolecular and intramolecular 
hydrogen bondings. This makes cellulose insoluble in either water or common organic 
solvents.284 
Although quite a number of solvent systems for dissolution of cellulose have 
been reported,284 the most widely used solvent system in laboratory is LiCl/N,N-
dimethylacetamide (DMAc). This solvent system was first employed by McCormick 
and Lichatowich for the synthesis of natural polymer based pesticides285 and was later 
patented.286 About the same time, Turbak et al. have patented another dissolution 
procedure of the same solvent system in order to avoid degradation of cellulose 
polymer chain under acidic condition.287 The solution property of the cellulose/LiCl/ 
DMAc system was investigated by viscometry, low-angle laser light scattering and 
quasi-elastic light scattering.288 The esters, carbamates, sulfonates and ethers of 
cellulose were also prepared by reactions in the LiCl/DMAc system.289,290 Specifically, 
the synthesis of cellulose carbamates via isocyanate and activated ester pathways was 
described in detail.291 The cellulose/LiCl/DMAc system was reviewed in 1990.292 
Compared to the other solvent systems, the LiCl/DMAc system has the 
following advantages: i) reaction is conducted at moderate temperature and thus 
severe degradation is avoided; ii) water is not present in the solvent system so that 
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functionalization reagent is not consumed by water; iii) the solvent is cheap enough 
for large scale synthesis; and iv) substitution group distribution is controllable. 
 
After successful dissolution of cellulose in the LiCl/DMAc solvent system, the 
iodination and subsequent azidation reaction were performed similarly as in the 
“protection-deprotection” route. Without a deprotection step, the obtained azido 
cellulose was per-functionalized by reaction with excess amount of phenyl isocyanate. 
Five AzCPC samples have been synthesized by reaction of cellulose with different 
amounts of iodine. As shown in Table 3.1, the molar ratios of iodine to cellulose 
(AGU) are 0.5:1, 1.0:1, 1.5:1, 2.0:1 and 2.5:1, while the molar ratio of iodine : 
triphenylphosphine : imidazole is kept constant as 1:1:2. The five AzCPC samples are 
thus named as AzCPC-0.5I2, AzCPC-1.0I2, AzCPC-1.5I2, AzCPC-2.0I2 and AzCPC-
2.5I2, respectively. This AzCPC sample series is called the “iodine-ratio” series. 
 















AzCPC-0.5I2 6.1 3.1 3.0 6.1 1:0.51 
AzCPC-1.0I2 10.1 10.0 10.1 20.0 1:0.99 
AzCPC-1.5I2 10.4 15.7 15.6 31.3 1:1.51 
AzCPC-2.0I2 10.1 20.2 20.2 40.4 1:2.00 
AzCPC-2.5I2 6.2 15.7 15.6 31.1 1:2.53 
 
The obtained intermediate (azido cellulose) was characterized by FT-IR as 
shown in Figure 3.1. The characteristic peak at 2114 cm-1 confirmed the successful 
azido group substitution. 
The intermediate azido cellulose was then perfunctionalized by reaction with 
excess phenyl isocyanate in pyridine. The successful perfunctionalization was 
confirmed by FT-IR, 1H and 13C NMR. The amount of azido group and phenyl-
carbamate group were also determined quantitatively. 
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Figure 3.1 FT-IR spectrum of azido cellulose from homogenous synthetic route. 
 
3.2.2 Immobilization of AzCPC onto aminopropyl silica gel via the “bonding-
with-pre-coating” approach 
In Chapter 2, two approaches to the immobilization of AzCPC were compared, 
namely the “bonding-with-pre-coating” approach and the “bonding-without-pre-
coating” approach. It has been proven that the “bonding-with-pre-coating” approach 
afforded a CSP with better performance mainly because of its larger surface 
concentration of the chiral selector (AzCPC). Thus the same “bonding-with-pre-
coating” approach was applied for the immobilization of “iodine-ratio” AzCPC series 
in the current research.  
Five CSPs have been synthesized, with different AzCPC as the chiral selectors. 
They are named by adding “CSP” before the AzCPC chiral selector name. For 
example, CSP AzCPC-1.5I2 is synthesized from AzCPC-1.5I2 (the molar ratio of 
iodine and cellulose is 1.5:1). The five CSPs are referred to as the “iodine-ratio” series 
CSPs. The obtained CSPs were characterized by FT-IR and elemental analysis. 
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3.3 Characterization of “iodine-ratio” AzCPC and CSP series 
The five AzCPC samples and the five CSPs were characterized by elemental 
analysis, FT-IR spectrum, 1H and 13C FT-NMR spectrum. 
 
3.3.1 Characterization of “iodine-ratio” AzCPC series 
The “iodine-ratio” AzCPC series were characterized by FT-IR and the spectra 
are shown in Figure 3.2. The presence of azido group of AzCPC is confirmed by the 
characteristic peak attributed to anti-symmetric stretching of N=N in N3 293 at 2107-
2110 cm-1 with increasing intensity. As expected, the intensity of the azido peaks 
increases with the increase of iodine used in the reaction. The successful 
functionalization is also confirmed by the peaks at 3390 + 3320 cm-1 (N-H stretching), 
3060 cm-1 (aromatic ring sp2 C-H stretching), 2957 cm-1 (cellulose skeleton sp3 C-H 
stretching), 1730 cm-1 (carbamate C=O stretching), 1541 cm-1 (combination of N-H 
bending and C-N stretching), 1602 + 1445 cm-1 (aromatic ring stretching) and 755 + 











Figure 3.2 FT-IR spectra of “iodine-ratio” AzCPC series. 
a) AzCPC-0.5I2; b) AzCPC-1.0I2; c) AzCPC-1.5I2; d) AzCPC-2.0I2; e) AzCPC-2.5I2. 
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As FT-IR is mainly a qualitative technique, the DS of azido group is not 
quantitatively determined. In order to determine the quantitative DS values, further 
characterizations by elemental analysis and FT-NMR were performed. 
Elemental analysis has been used in determining the formula and purity of 
cellulose derivatives used as chiral selectors in various CSPs.157,159,195,199 Based on 
their experience, Minguillón and co-workers suggested a mathematical formula based 
on the elemental analysis data to provide DS values for cellulose derivatives, 
especially for double substituted derivatives.294 
Following this formula, the DS values of the AzCPC samples were determined 
and shown in Table 3.2, after verification of the absence of N,N'-diphenylurea by 1H 
NMR. From the calculated DS values, it is clear that the DS of azido group increases 
from 0.08 to about 0.5 as the amount of iodine in the reactions increases. In the mean 
time, the DS of phenylcarbamoyl moiety decreases from 2.90 to 1.50. This is in 
agreement with the discovery by Minguillón et al. that the total DS per AGU 
decreased from nearly 3 to about 2 when the DS of the spacer increased from less than 
0.1 to more than 1.195  
 
Table 3.2 DS of the “iodine-ratio” AzCPC series determined by elemental analysis. 
 




 %C %H %N  azido carbam.
MW per 
AGU %C %H %N 
AzCPC-0.5I2 62.30 4.79 8.72  0.08 2.90 509.59 61.98 4.83 8.63 
AzCPC-1.0I2 62.33 4.38 9.04  0.13 2.76 494.16 61.54 4.83 8.93 
AzCPC-1.5I2 60.46 4.88 9.11  0.18 2.38 450.15 60.46 4.86 9.09 
AzCPC-2.0I2 57.67 4.79 12.24  0.54 1.90 401.98 57.66 4.75 12.27
AzCPC-2.5I2 56.14 4.24 11.75  0.49 1.50 353.08 56.12 4.86 11.78
 
 
FT-NMR spectrum is another powerful characterization tool of the cellulose 
derivatives. Both 13C NMR and 1H NMR spectra of the AzCPC series were recorded 
on a Bruker DPX-300 FT-NMR spectrometer. 
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The 13C spectra of the AzCPC “iodine-ratio” series are shown in Figure 3.3(i). 
Specifically, the spectra of the aliphatic carbons on the cellulose skeletons are shown 
in Figure 3.3(ii).  
 
Figure 3.3 13C NMR Spectra of AzCPC “iodine-ratio” series: (i) full spectra and (ii) 
aliphatic carbons of the cellulose skeletons.  




The 13C spectrum of cellulose triphenylcarbamate (CTPC) is shown in Figure 




Figure 3.4 13C NMR spectrum of cellulose triphenylcarbamate (CTPC). 
 
For both AzCPC and CTPC, the aliphatic carbons on the cellulose skeletons 
are at the higher field of 50-102 ppm, while the aromatic carbons on the 
phenylcarbamoyl moiety are at the lower field of 119-140 ppm. The carbonyl carbons, 
on the other hand, are at the lowest field of 153-155 ppm. The chemical shifts of each 
carbon are listed in Table 3.3 in detail. 
Interestingly, the carbonyl carbons of CTPC have three distinct peaks rather 
than one single and broad peak. It is proposed that the three peaks arise from the three 
carbonyl groups at the 2-, 3- and 6-position of AGU. Similarly, the aromatic carbons 
also give three partially resolved peaks. For example, the ortho carbons on the 
aromatic ring give three peaks at 120.7, 119.6 and 119.2 ppm, corresponding to the 
three aromatic rings on the three different positions of AGU. The “triplet” peaks show 
that in the highly-ordered 3-D structure of CTPC, the different chemical environments 
of 2-, 3- and 6-positions of AGU can be distinguished by 13C NMR. 
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Table 3.3 13C NMR chemical shifts (ppm) of CTPC and AzCPC samples. 
 
AzCPC AzCPC AzCPC AzCPC AzCPCSample
Carbon CTPC -0.5I2 -1.0I2 -1.5I2 -2.0I2 -2.5I2 
C=O 154.9 154.9 154.9 153.6 153.6 153.6 
 153.4 153.4 153.4    carbonyl carbon 
 153.1 153.1 153.0    
Ipso-C 139.9 139.9 139.9 140.1 140.0 139.9 
 139.7 139.7 139.7    
 139.3 139.3 139.3    
Meta-C 129.7 129.7 129.7 129.7 129.9 129.9 
 129.5 129.5 129.5    
Para-C 124.2 124.2 124.2 123.8 124.2 123.9 
 123.7 123.7 123.7    
 123.3 123.3 123.3    
Ortho- 120.7 120.6 120.6 119.5 121.0 119.9 





 119.2 119.1 119.1  119.7  
C1 102.0 102.0 102.0 101.7 102.0 101.6 
C4 78.2 78.2 78.2 78.0 78.1 77.8 
C3,5 74.4 74.3 74.3 74.3 74.5 73.9 
C2 73.4 73.3 73.3 73.4 73.9 73.9 




C6-N3 NA NA * 50.8 50.6 51.0 50.3 
* C-N3 peak of AzCPC-0.5I2 is too weak to be observed. 
 
By comparison of the spectra of AzCPC samples with that of CTPC, it is clear 
that there are two differences: i) the appearance of the C6-N3 peak at 50-51 ppm other 
than the existing C6-O peak at 63-64 ppm and ii) the disappearance of the “triplet” 
peaks and the appearance of a single and broad peak at the same chemical shift. 
The C6-N3 peak confirms that the azidation on the 6-position of AGU was 
successful. Furthermore, by comparing the C6-N3 peak and C6-O peak (Figure 3.3(ii)), 
the DS values of azido group are calculated and shown in Table 3.4.  
The “triplet” peaks of AzCPC-0.5I2 and AzCPC-1.0I2, same as the case of 
CTPC, suggest that these two AzCPC samples also possess similar highly-ordered 3-
D structure as CTPC. On the other hand, the other three AzCPC samples, with more 
azido group at the 6-position of AGU, may have partially lost their highly-ordered 3-
D structure as shown by the disappearance of the “triplet” peaks. In addition, the 
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aliphatic carbon signal from the cellulose skeleton also becomes broader with smaller 
signal-to-noise ratio as the DS of azido group increases (Figure 3.3(ii)).  
 
Table 3.4 DS of the “iodine-ratio” AzCPC series by 13C-NMR and 1H-NMR. 
 
13C 
NMR   1H NMR 




azido   azido carbam. 
MW per 
AGU 
%C %H %N 
AzCPC-0.5I2  N/A *  0.05 2.88 506.46 62.04 4.85 8.38 
AzCPC-1.0I2 0.16  0.12 2.70 486.77 61.44 4.84 8.81 
AzCPC-1.5I2 0.22  0.16 2.40 452.03 60.58 4.87 8.93 
AzCPC-2.0I2 0.56  0.54 2.07 422.23 58.28 4.73 12.24 
AzCPC-2.5I2 0.64  0.52 1.39 340.73 55.45 4.86 12.13 
* C-N3 peak of AzCPC-0.5I2 is too weak for an accurate measurement. 
 
To complete the NMR analysis, we have also conducted 1H NMR experiments. 




Figure 3.5 1H NMR spectrum of AzCPC-0.5I2. 
 
In the spectrum, other than the solvent peak at 2.05 ppm and the water peak at 
2.87 ppm, there are three groups of peaks arising from three types of proton in 
AzCPC-0.5I2: i) the aliphatic protons on the cellulose skeleton at 3.5-5.2 ppm, ii) the 
aromatic protons on the phenylcarbamoyl moiety at 6.6-7.6 ppm and iii) the amide 
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protons on the phenylcarbamoyl moiety at 8.2-8.8 ppm. The other AzCPC samples 
have similar spectra as AzCPC-0.5I2, with poor resolution for less soluble samples. 
Although the DS values of certain doubly-substituted polysaccharides can be 
determined by 1H NMR,294 it is impossible to do so for AzCPC samples. In AzCPC, 
one of the substituents is azido group, which contains no proton and thus is 
unobservable in 1H NMR. Furthermore, the chemical shifts of the methylene protons 
of CH2-N3 and CH2-O-CO-NH-Ph are too close to be resolved. As a result, the 
attempt to integrate the CH2-N3 failed to give a DS value of azido group with an 
acceptable accuracy. 
However, if the azido group can be converted to a group which contains 
proton, the azido group would turn “observable” in 1H NMR. It has been reported that 
sugar ureas can be synthesized by the Staudinger reaction between sugar azides and 
amines via phosphinimine intermediates.295 Thus, the Staudinger reaction between 
AzCPCs and an appropriate amine became a first choice for us because a similar 
reaction was already employed in the synthesis of the AzCPC-based CSPs (Section 
2.2.2 and 3.2.2).  
The amine used in this Staudinger reaction should fulfill the following 
requirements: i) a moderate boiling point to minimize loss of the amine during the 
reaction under continuous CO2 flow; ii) a primary or secondary amine, which 
provides free reactive proton(s) for the Staudinger reaction; iii) an appropriate 
chemical shift of its proton in the 1H NMR to avoid overlapping with the peaks of 
AzCPC; and iv) enough number of equivalent protons for a strong peak to facilitate an 
accurate integration. By considering all these factors, diisopropylamine (DIPA) was 
considered to be the best choice. DIPA, a secondary amine, has a boiling point of 84 
oC and thus evaporates more slowly than the reaction solvent THF (b.p. 65-67 oC) 
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under CO2 flow. In addition, the twelve protons of its four methyl groups provide a 
strong doublet peak at 0.96 ppm in 1H NMR spectrum, which does not overlap with 
any peaks of AzCPC. The two methine groups, on the other hand, have a septet peak 
at 2.86 ppm, which is overlapped by the strong water peak. The reaction for the 
conversion of AzCPC to diisopropylureido cellulose phenylcarbamate (DIPUCPC) is 
shown in Scheme 3.2. 
 
Scheme 3.2 Conversion of AzCPC to diisopropylureido cellulose phenylcarbamate  
(DIPUCPC). 
 
Five DIPUCPC samples were synthesized from AzCPC samples following 
Scheme 3.2. The samples were then characterized by 1H NMR (Figure 3.6). DS 
values of azido group and phenylcarbamoyl moiety were calculated based on the 
integration results (Table 3.4).  
1H-NMR chemical shifts of the DIPUCPC series correlate with those of the 
AzCPC series. The methyl protons of diisopropylureido moiety, [(CH3)2CH]2N-CO-
NH-, show a broad peak ranging between 0.9-1.4 ppm, with centre of the peak at 
1.14-1.18 ppm. It is confirmed that this broad methyl peak is not due to DIPA because 
the methyl peak of DIPA is a very sharp doublet at 0.95 and 0.97 ppm. 
It should also be pointed out that the peak width and signal-to-noise ratio of 
the DIPUCPC samples are decreased with increased amount of azido groups, similar 
to the results obtained from 13C NMR studies. As a result, the determined DS values 
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of DIPUCPC-2.0I2 and DIPUCPC-2.5I2 may have a larger deviation compared to the 
other three DIPUCPC samples. Nevertheless, the DS values from elemental analysis, 
13C NMR and 1H NMR correlate well with each other within experimental errors. 
 
Figure 3.6 1H NMR spectra of diisopropylureido cellulose phenylcarbamate  
(DIPUCPC) series. 
a) DIPUCPC-0.5I2; b) DIPUCPC-1.0I2; c) DIPUCPC-1.5I2; 
d) DIPUCPC-2.0I2; e) DIPUCPC-2.5I2. 
 
3.3.2 Characterization of “iodine-ratio” CSP series 
Similarly to the AzCPC samples, the immobilized CSPs were characterized by 
FT-IR. As an example, the FT-IR spectra of CSP AzCPC-1.0I2 before and after the 
Staudinger reaction are shown in Figure 3.7. 
The successful immobilization of AzCPC onto aminopropyl silica gel is 
confirmed by the FT-IR spectra. The carbonyl peak at 1734 cm-1 in Figure 3.7 (b) 
provides the first strong piece of evidence because if the immobilization was 
unsuccessful, AzCPC would be removed by THF Soxhlet extraction and thus no 
carbonyl peak would exist in the FT-IR spectrum. Moreover, the small azido peak in 
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Figure 3.7(a) at 2109 cm-1 disappears in Figure 3.7(b). This indicates that the azido 
group of AzCPC has been converted to urea linkage after the Staudinger reaction. 
 




The CSPs were also characterized by elemental analysis. Surface 
















%C is determined by elemental analysis; nc and M are calculated from the 
previous characterization of AzCPC; S is 300 m2/g for Kromasil silica gel. The 
surface concentrations of the five CSPs are listed in Table 3.5. 
 
Table 3.5 Surface concentration of the “iodine-ratio” CSP series. 
 
CSPs C% H% N% nc M 
Surface concentration* 
(μmol/m2) 
AzCPC-0.5I2 8.79 1.40 1.41 26.4 509.59 0.46 
AzCPC-1.0I2 9.05 1.19 1.58 25.5 494.16 0.51 
AzCPC-1.5I2 12.92 1.56 2.13 22.8 450.15 1.07 
AzCPC-2.0I2 14.21 1.89 2.57 19.8 401.97 1.48 
AzCPC-2.5I2 15.56 1.93 3.12 17.0 353.08 2.18 
*: surface concentration of AGU. 
 
The surface concentration increases as the amount of azido group increases. 
This is because more AzCPC chains are immobilized as the amount of azido group 
increases. However, whether a larger surface concentration will lead to a higher 
enantioselectivity is still in doubt, as the 3-D structure of AzCPC also plays an 
essential role. The enantioseparation ability of the five CSPs were then investigated 
and compared by HPLC. 
 
3.4  Enantioseparation results of the “iodine-ratio” CSP series 
The enantioselectivity of the “iodine-ratio” CSP series was evaluated by 25 
racemic compounds in normal phase. The structures of these racemic compounds are 
shown in Figure 3.8. Among these racemates, 4, 5a-c and 6 are benzoin and its 
derivatives; 10-13 are flavanone and substituted flavanones; 3, 15a-f, 16 and 17 are 





Figure 3.8 Structures of racemates analyzed on “iodine-ratio” CSP series. 
 
3.4.1  Theoretical plate numbers of the “iodine-ratio” CSP series 
The theoretical plate numbers were calculated by the retention time (tr) and 
peak width at half height (W1/2):  
N = 5.54(tr/W1/2)2 
The analyte for the measurement was biphenyl. The mobile phase used was 
10% IPA-90% hexane (v/v) and the flow rate was 0.5 mL/min. Three parallel tests 
were performed for each CSP and the results are listed in Table 3.6.  
The reproducibility of the CSPs can be reflected by the standard deviation of 
the retention time tr and the theoretical plate number N. Except CSP AzCPC-2.5I2, 
the standard deviation of the other four CSPs are in the range of 0.0006-0.0021 min, 
which equals to 0.03-0.12 s. Even for CSP AzCPC-2.5I2, which has the largest 
standard deviation, the value is as small as 0.04 min or 2.4 s. Similarly, the standard 
deviation of the theoretical plate number N is in the range of 38-172 m-1, and the 
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corresponding relative standard deviation (RSD) is only 0.2%-0.8%. The small RSD 
values indicate good reproducibility of the CSPs. 
 
Table 3.6 Theoretical plate numbers of the “iodine-ratio” CSP series. 
 
CSP  tr (min) W1/2 (min) N (m-1) 
AzCPC-0.5I2 Parallel 1 6.867 0.2092 23877 
 Parallel 2 6.867 0.2095 23808 
 Parallel 3 6.866 0.2092 23870 
 Average   2.38×104 
AzCPC-1.0I2 Parallel 1 6.856 0.2114 23307 
 Parallel 2 6.852 0.2121 23127 
 Parallel 3 6.855 0.2116 23257 
 Average   2.32×104 
AzCPC-1.5I2 Parallel 1 7.045 0.2223 22256 
 Parallel 2 7.044 0.2229 22130 
 Parallel 3 7.047 0.2213 22470 
 Average   2.22×104 
AzCPC-2.0I2 Parallel 1 7.184 0.2577 17222 
 Parallel 2 7.186 0.2572 17298 
 Parallel 3 7.184 0.2581 17168 
 Average   1.72×104 
AzCPC-2.5I2 Parallel 1 7.334 0.2347 21638 
 Parallel 2 7.277 0.2341 21412 
 Parallel 3 7.258 0.2330 21502 
 Average   2.15×104 
 
The results show that N generally decreases as the iodine-cellulose ratio 
increases. This trend can be explained by reticulation between AzCPC polymer chain 
and the aminopropyl silica gel particles. When the iodine-cellulose ratio increases, 
there are more azido groups on the cellulose polymer chain. As a consequence, the 
probability that two or more silica gel particles aggregate by reticulation also 
increases. When silica gel particles aggregate, the performance of the CSP decreases. 
 
3.4.2 Enantioseparation results of “iodine-ratio” CSP series in the standard 
IPA-hexane solvent system 
The enantioselectivity of the “iodine-ratio” series CSPs were evaluated by 
analysis of 25 different racemates. The structures of the racemates are shown in 
Figure 3.8 and the enantioseparation results are listed in Table 3.7.  
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Table 3.7 Enantioseparation results of the “iodine-ratio” series CSPs in standard IPA-
hexane solvent system.  
Mobile phase: 10% IPA-90% hexane (v:v). 
 
En-
try k1' α Rs k1' α Rs k1' α Rs k1' α Rs k1' α Rs
1 0.40 1.14 0.77 0.65 1.11 0.69 0.92 1.06 0.55 1.29 1.00 - 1.47 1.10 0.70
2 0.21 1.00 - 0.23 1.26 0.74 0.44 1.36 1.54 0.62 1.40 2.07 0.67 1.26 1.53
3 2.57 1.10 1.02 2.71 1.18 1.22 3.22 1.30 2.26 4.31 1.39 2.61 4.98 1.35 2.37
4 2.19 1.04 0.57 2.78 1.05 0.61 4.27 1.03 0.47 6.91 1.10 0.94 6.95 1.09 0.91
5a 0.61 1.10 0.85 0.78 1.14 0.91 1.33 1.18 1.45 2.09 1.23 1.81 2.16 1.17 1.36
5b 0.33 1.09 0.52 0.41 1.15 0.79 0.72 1.18 1.22 1.11 1.23 1.56 1.14 1.17 1.24
5c 0.21 1.00 - 0.27 1.00 - 0.48 1.00 - 0.64 1.13 0.80 0.67 1.11 0.79
6 0.94 1.08 0.78 1.21 1.11 0.82 2.20 1.19 1.43 3.45 1.15 1.06 3.62 1.11 0.87
7a 0.69 1.08 0.71 0.90 1.08 0.60 1.56 1.10 0.92 2.37 1.09 0.85 2.40 1.08 0.86
7b 1.23 1.07 0.74 1.75 1.00 - 2.93 1.07 0.68 4.77 1.05 0.51 4.59 1.06 0.63
8 0.97 1.11 0.82 1.41 1.15 0.86 2.27 1.06 0.53 4.36 1.00 - 4.02 1.08 0.61
9 2.19 1.07 0.89 2.97 1.09 0.89 5.26 1.07 0.82 9.09 1.10 1.05 9.14 1.09 0.92
10 0.66 1.00 - 0.84 1.05 0.49 1.55 1.05 0.63 2.39 1.03 0.46 2.47 1.03 0.44
11 2.89 1.23 1.52 4.37 1.25 1.20 7.57 1.23 1.43 12.21 1.23 1.03 11.61 1.18 0.81
12 0.82 1.04 0.49 1.10 1.06 0.58 2.12 1.05 0.60 3.49 1.00 - 3.61 1.00 -
13 1.29 1.00 - 1.74 1.00 - 3.39 1.00 - 5.63 1.00 - 5.66 1.00 -
14 1.23 1.09 0.87 1.66 1.10 0.80 2.46 1.11 0.91 3.53 1.14 1.00 3.72 1.12 0.92
15a 0.86 1.00 - 1.01 1.00 - 1.18 1.04 0.46 1.68 1.00 - 1.84 1.00 -
15b 0.94 1.00 - 1.10 1.00 - 1.24 1.00 - 1.64 1.00 - 1.86 1.00 -
15c 0.97 1.00 - 1.12 1.00 - 1.22 1.05 0.57 1.65 1.00 - 1.83 1.00 -
15d 1.00 1.00 - 1.15 1.00 - 1.33 1.06 0.72 1.79 1.00 - 2.00 1.00 -
15e 1.05 1.00 - 1.23 1.00 - 1.40 1.06 0.72 1.94 1.00 - 2.13 1.00 -
15f 1.47 1.00 - 1.85 1.00 - 2.31 1.07 0.88 3.47 1.04 0.58 3.79 1.04 0.64
16 1.32 1.00 - 1.61 1.00 - 2.03 1.08 0.87 2.95 1.06 0.71 3.21 1.06 0.75












The capacity factor of the first eluted enantiomer k1' increases with the iodine-
cellulose ratio. For example, the k1' values of Troger’s base 1 were 0.40, 0.65, 0.92, 
1.29 and 1.47 on the CSPs AzCPC-0.5I2 to AzCPC-2.5I2, in the increasing order of 
iodine-cellulose ratio. In general, there is an 80-340% increase of the k1' value from 
CSP AzCPC-0.5I2 to CSP AzCPC-2.5I2. Such trend can be explained by the surface 
concentration of the chiral selectors on the silica gel substrate. (Table 3.5) As the 
surface concentration of the chiral selector increases, the interaction between the 
chiral selector and the analyte also increases. As a result, the retention time of the 
analytes becomes longer and the capacity factor increases. 
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The trend of enantioselectivity α of the CSPs, on the other hand, is different 
from the trend of k1' value. The α values of CSPs AzCPC-1.5I2 and AzCPC-2.0I2 are 
the highest among the five CSPs in most cases. Considering the α values, the 
racemates 2, 3, 4, 5a-c and 14 are best resolved on CSP AzCPC-2.0I2. On the other 
hand, racemates 6, 7a-b, 10, 15a-f and 16 are best resolved on CSP AzCPC-1.5I2. 
Racemates 4, 5a-c and 6 are benzoin and benzoin derivatives. Although they 
have similar structures, their chromatographic behaviors on the CSPs are quite 
different. On all the five CSPs, benzoin 4 has larger k1' values than its derivatives due 
to the hydroxyl group of benzoin. As the hydroxyl group of benzoin forms hydrogen 
bonding with the carbonyl group of the phenylcarbamoyl moiety of AzCPC, the 
attractive interaction between benzoin and the chiral selector is stronger than that of 
the other racemates (5a-c and 6).  
For the benzoin derivatives, the k1' values of three benzoin ethers 5a, 5b and 
5c decrease as the size of the alkyl group increases. On CSP AzCPC-1.5I2, the k1' 
values of benzoin methyl ether 5a, benzoin ethyl ether 5b and benzoin isopropyl ether 
5c are 1.33, 0.72 and 0.48, respectively. As the size of the alkyl group increases, there 
is more steric hindrance between the benzoin ether and the chiral selector. As a result, 
the interaction between the benzoin ether and the chiral selector is weaker and the k1' 
value is smaller. On the other hand, the influence of steric hindrance on 
enantioselectivity is not as significant as that on k1' value. On CSP AzCPC-1.5I2, 
benzoin methyl ether 5a and ethyl ether 5b are separated with enantioselectivity of 
1.18, whereas benzoin isopropyl ether 5c is not separated (α = 1.00). Benzoin 
isopropyl ether 5c is not separated on CSP AzCPC-1.5I2 because the interaction of 5c 
and the chiral selector is too weak to differentiate its R and S isomers. Benzoin methyl 
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ether 5a and benzoin ethyl ether 5b, bearing a smaller alkyl group, have strong 
enough interaction with the chiral selector, and thus they are separated on the CSP. 
 
Racemates 15a-15f are 1-phenylethanol and substituted 1-phenylethanols. 
They are only resolved on CSP AzCPC-1.5I2 (except 15b and 15f). Their 
chromatographic behaviors are largely influenced by the electron 
donating/withdrawing effect of the substitutions.  
As shown in Table 3.7, 4-chloro (15c), 4-bromo (15d), 4-iodo (15e) and 4-
methoxy (15f) substituted 1-phenylethanols have larger k1' values than 1-phenyl-
ethanol (15a). The lone-pair electrons of halogen or oxygen delocalize to the aromatic 
ring by resonance effect, making the aromatic ring electron rich. Thus, the aromatic 
ring of substituted 1-phenylethanols has stronger π-π interaction with the 
phenylcarbamoyl moiety of the chiral selector than the unsubstituted 1-phenylethanol. 
As a result, the substituted 1-phenylethanols (15c-15f) have both longer retention time 
and larger enantioselectivity α. 
However, 1-(4-fluorophenyl)ethanol 15b is an exception of the substituted 1-
phenylethanol as it cannot be resolved on any of the five CSPs. The electron density 
of the aromatic ring in 15b is low because of the high electronegativity of the fluorine 
atom. Moreover, hydrogen bonding may form between fluorine atom and the chiral 
selector. As the fluorine atom is far away from the chiral centre of 15b, such 
hydrogen bonding is detrimental to resolution of the R and S isomer of 15b. 
 
The enantioseparation results in other standard IPA-hexane mobile phases are 
shown in Table 3.8 for comparison. Generally, mobile phase with more IPA (20%) 
offers a faster separation, usually within 30 min. On the other hand, mobile phase 
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with less IPA (5%) offers a slightly higher enantioselectivity, although the analysis 
time is longer. 
 
Table 3.8 Enantioseparation results of CSP AzCPC-1.5I2 in different standard  
IPA-hexane mobile phases. 
  
Entry k1' α k1' α k1' α
1 1.70 1.00 0.92 1.06 0.58 1.08
2 0.48 1.37 0.44 1.36 0.41 1.30
3 7.20 1.35 3.22 1.30 1.72 1.25
4 6.79 1.03 4.27 1.03 2.72 1.03
5a 1.44 1.19 1.33 1.18 1.07 1.14
5b 0.96 1.19 0.72 1.18 0.62 1.14
5c 0.57 1.10 0.48 1.00 0.36 1.00
6 2.78 1.20 2.20 1.19 1.54 1.15
7a 1.96 1.10 1.56 1.10 1.13 1.09
8 4.58 1.05 2.27 1.06 1.48 1.05
9 7.40 1.06 5.26 1.07 3.24 1.06
10 1.85 1.06 1.55 1.05 1.19 1.05
11 13.59 1.22 7.57 1.23 4.37 1.21
12 2.78 1.06 2.12 1.05 1.54 1.04
15a 2.27 1.04 1.18 1.04 0.64 1.00
15b 2.65 1.03 1.24 1.00 0.59 1.00
15c 2.77 1.05 1.22 1.05 0.73 1.00
15d 2.98 1.06 1.33 1.06 0.79 1.06
15e 3.14 1.06 1.40 1.06 0.83 1.05
15f 4.98 1.07 2.31 1.07 1.33 1.06





In summary, 22 out of 25 racemates are separated on CSP AzCPC-1.5I2. As 
for the other CSPs, the number of separated racemates range from 14 to 18. Obviously, 
most of the racemates are well separated on CSP AzCPC-1.5I2. In addition, when a 
racemate is separated by all the five CSPs, CSP AzCPC-1.5I2 often has the best or 
second best enantioselectivity among the five CSPs. Thus the overall performance of 
CSP AzCPC-1.5I2 is the best in the “iodine-ratio” series. CSP AzCPC-1.5I2 is 
therefore further studied in the non-standard mobile phases.  
  
Unlike the traditional coated type cellulose-derived CSPs, the immobilized 
AzCPC chiral selectors neither dissolve nor swell in commonly used organic solvents. 
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Thus various HPLC solvents are added to the standard IPA-hexane solvent system to 
provide special enantioselectivity. Such HPLC solvents include chloroform (CHCl3), 
dichloromethane (CH2Cl2, DCM), ethyl acetate (EA) and tetrahydrofuran (THF). 
 
3.4.3 Enantioseparation results of CSP AzCPC-1.5I2 in chloroform-IPA-hexane 
solvent system 
It has been reported that CHCl3-containing mobile phases provided similar or 
improved chiral separations for some racemates than the standard IPA-containing 
mobile phases.195,198,209 In the current research, CHCl3 is added to the standard IPA-
hexane solvent system in different ratios to check its specific enantioselectivity.  
Three different series of CHCl3-containing mobile phases were investigated: 
I.  Hexane volume ratio was kept constant at 90%; the volume ratio of 
CHCl3 : IPA was varied from 1:9 to 10:0. 
II. Hexane volume ratio was kept constant at 80%; the volume ratio of 
CHCl3 : IPA was varied from 0:20 to 18:2. 
III. IPA volume ratio was kept constant at 10%; CHCl3 is varied from 5% to 
20% and the rest of the mobile phase was hexane. 
The enantioseparation results of CSP AzCPC-1.5I2 in CHCl3-containing 
mobile phase series I are listed in Table 3.9. Based on the different trends of k1' values, 
nine racemates in Table 3.9 are classified into two types: alcoholic racemates and 
non-alcoholic racemates. 
Alcoholic racemates are 1-(4-chlorophenyl)ethanol 15c and 1-(β-naphthyl)-
ethanol 16. The k1' value keeps increasing with increasing amount of CHCl3: it 
gradually increases from 1.38 (1% CHCl3) to 3.05 (7% CHCl3) and dramatically to 
21.04 (10% CHCl3) for 1-(4-chlorophenyl)ethanol 15c. Similarly, it gradually 
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increases from 2.25 (1% CHCl3) to 5.47 (7% CHCl3) and dramatically to 32.26 (10% 
CHCl3) for 1-(β-naphthyl)ethanol 16. 
 
Table 3.9 Enantioseparation results of CSP AzCPC-1.5I2 in CHCl3-IPA-hexane  
solvent system I (hexane volume ratio = 90%). 
 
Entry k1' α k1' α k1' α k1' α k1' α
1 0.90 1.06 0.83 1.05 0.83 1.00 0.82 1.00 0.90 1.00
2 0.48 1.36 0.46 1.38 0.43 1.39 0.42 1.41 0.39 1.43
5a 1.23 1.19 1.16 1.20 1.11 1.21 1.11 1.22 1.08 1.22
8 1.60 1.05 1.28 1.00 1.08 1.00 0.95 1.00 0.83 1.00
10 1.54 1.05 1.44 1.05 1.39 1.05 1.35 1.05 1.27 1.05
12 2.14 1.05 1.99 1.06 1.92 1.06 1.85 1.06 1.74 1.06
14 2.35 1.13 2.23 1.13 2.25 1.14 2.25 1.14 2.22 1.14
15c 1.38 1.05 1.49 1.06 1.64 1.06 1.81 1.06 2.04 1.06
16 2.25 1.08 2.37 1.08 2.57 1.08 2.83 1.08 3.14 1.09
Entry k1' α k1' α k1' α k1' α k1' α
1 0.82 1.00 0.88 1.00 1.01 1.00 1.42 1.00 6.80 1.00
2 0.39 1.46 0.39 1.48 0.37 1.65 0.50 1.46 1.48 1.48
5a 1.10 1.23 1.14 1.24 1.20 1.25 1.45 1.29 5.92 1.24
8 0.77 1.00 0.77 1.00 0.83 1.00 0.92 1.00 6.21 1.00
10 1.29 1.06 1.35 1.06 1.46 1.06 1.85 1.07 5.65 1.08
12 1.74 1.06 1.79 1.07 1.91 1.07 2.50 1.08 7.65 1.00
14 2.36 1.14 2.59 1.15 2.96 1.15 4.77 1.15 21.50 1.13
15c 2.39 1.06 3.05 1.07 4.12 1.07 6.84 1.08 21.04 1.10










As for the other seven non-alcoholic racemates, k1' values generally decrease 
with increasing amount of CHCl3 at lower concentration of CHCl3 (<6%). k1' 
decreases from 1.23 (1% CHCl3) to 1.08 (5% CHCl3) for benzoin methyl ether 5a and 
from 2.14 (1% CHCl3) to 1.74 (5% CHCl3) for 6-methoxyflavanone 12. At higher 
concentration of CHCl3 (≥8%), k1' values increase: it increases from 1.20 (8% CHCl3) 
to 5.92 (10% CHCl3) for 5a and from 1.91 (8% CHCl3) to 7.65 (10% CHCl3) for 12. 
The influence of the amount of CHCl3 in the mobile phase is shown in Figure 
3.9. One racemate from each type is selected as an example: 1-(4-chlorophenyl)-
 85
ethanol 15c from alcoholic racemates and 6-methoxyflavanone 12 from non-alcoholic 
racemates.  
 
Alcoholic racemate Non-alcoholic racemate 
 
Figure 3.9 Influence of the amount of CHCl3 on alcoholic and non-alcoholic 
 racemates in CHCl3-IPA-hexane solvent system I. 
 
Apparently, the amount of CHCl3 has a greater influence on alcoholic 
racemate 15c since the k1' value in 10% CHCl3-90% hexane mobile phase is 17 times 
more than the k1' value in 10% IPA-90% hexane mobile phase. The influence of the 
amount of CHCl3 is less on non-alcoholic racemate 12 since less than four times 
difference is observed between such two mobile phases.  
Unlike the large change of k1' values, the enantioselectivity values α of most 
racemates do not change so much. The only exceptions are Troger’s base 1 and 
cobalt(III) acetylacetonate 8, which are not resolved at high CHCl3 ratio (≥3%). 
On the other hand, the resolution values Rs of some racemates are 
significantly improved by addition of CHCl3 to the standard IPA-hexane solvent 
system with flavanone 10 as an example. Although α value of 10 only slightly 
increases from 1.05 (10% IPA) to 1.07 (9% CHCl3-1% IPA) and 1.08 (10% CHCl3), 
the corresponding Rs value increases from 0.63 (10% IPA) to 0.86 (9% CHCl3-1% 
IPA) and 1.19 (10% CHCl3). From Figure 3.10 (a), it is clear that the two enantiomers 
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of 10 are successfully resolved in 10% CHCl3-90% hexane mobile phase. In addition, 
the resolution values of racemates 5a, 15c and 16 are also improved to 2.97, 1.49 and 
1.61 in 10% CHCl3-90% hexane mobile phase. 
 
(a) flavanone 10 (b) trans stilbene oxide 2 
 
Figure 3.10 Chromatograms of 10 (a) and 2 (b) on CSP AzCPC-1.5I2  
in CHCl3-IPA-hexane solvent system I. 
 
As a comparison to CSP AzCPC-I described in Chapter 2 (Figure 2.9), the 
chromatogram of trans stilbene oxide 2 is also shown in Figure 3.10(b). The Rs value 
of 2 increases from 1.54 (10% IPA) to 3.03 (1% CHCl3+9% IPA) to 4.76 (10% 
CHCl3). Both the Rs values and the chromatograms suggest that 2 is better resolved 
on CSP AzCPC-1.5I2 than on CSP AzCPC-I.  
The enantioseparation results in mobile phase series II are listed in Table 3.10. 
In this mobile phase series, hexane volume ratio was kept 80%, while CHCl3 volume 
ratio varied from 0% to 18%.  
Similar to mobile phase series I, the k1' values of alcoholic racemates increase 
significantly as CHCl3 volume ratio increases. In addition, the k1' values of non-
alcoholic racemates decrease first, followed by an increase. 
For enantioselectivity α, the change is also not quite apparent for most 
racemates. Exceptions are trans stilbene oxide 2, 1-(9-anthryl)-2,2,2-trifluoroethanol 
3, benzoin methyl ether 5a and benzoin ethyl ether 5b. Again, Troger’s base 1 and 
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cobalt(III) acetylacetonate 8 are not separated in the current CHCl3-containing mobile 
phases.  
Table 3.10 Enantioseparation results of CSP AzCPC-1.5I2 in CHCl3-IPA-hexane  
solvent system II (hexane volume ratio = 80%). 
 
Entry k1' α k1' α k1' α k1' α k1' α
1 0.58 1.08 0.49 1.00 0.38 1.00 0.45 1.00 0.72 1.00
2 0.50 1.27 0.40 1.30 0.32 1.35 0.26 1.43 0.32 1.47
3 1.59 1.25 1.73 1.29 2.07 1.33 3.26 1.39 7.69 1.47
4 2.72 1.03 2.20 1.03 1.96 1.03 2.33 1.03 3.08 1.04
5a 1.14 1.15 0.85 1.17 0.67 1.19 0.59 1.22 0.80 1.27
5b 0.55 1.16 0.45 1.17 0.41 1.18 0.34 1.21 0.41 1.36
5c 0.35 1.08 0.29 1.07 0.25 1.07 0.22 1.10 0.28 1.14
6 1.54 1.15 1.00 1.15 0.73 1.17 0.72 1.18 1.03 1.20
7a 1.13 1.09 0.73 1.09 0.57 1.10 0.59 1.09 0.75 1.10
8 1.48 1.05 0.49 1.00 0.26 1.00 0.19 1.00 0.31 1.00
9 3.24 1.06 2.16 1.07 1.75 1.08 1.76 1.08 2.28 1.09
10 1.19 1.05 0.81 1.04 0.65 ~1 0.63 ~1 0.81 1.05
11 4.37 1.21 2.49 1.23 1.93 1.28 1.97 1.33 2.80 1.37
12 1.54 1.04 1.01 1.05 0.78 1.05 0.75 1.06 1.00 1.07
14 1.01 1.11 1.00 1.11 0.84 1.13 1.11 1.15 10.55 1.00
15a 0.67 ~1 0.77 ~1 0.90 1.03 1.40 1.04 2.53 1.04
15b 0.54 1.00 0.65 1.00 0.86 ~1 1.48 ~1 2.87 1.04
15c 0.64 ~1 0.73 1.04 0.93 1.05 1.56 1.06 2.92 1.07
15d 0.61 1.00 0.69 1.05 0.93 1.06 1.60 1.07 2.89 1.08
15e 0.83 1.05 0.93 1.07 1.21 1.08 2.38 1.09 3.29 1.09
15f 1.33 1.06 1.39 1.07 1.66 1.08 2.89 1.08 4.11 1.09
16 1.16 1.07 1.25 1.07 1.55 1.08 2.79 1.07 3.96 1.09
(B) 5:15:80
CHCl3:IPA:hexane (v:v:v)




On the other hand, the resolution Rs for certain racemates change significantly. 
As shown in Figure 3.11(a) and (b), 11 and 12 are not only resolved better in mobile 
phase E than in mobile phase A, but also eluted in a shorter analysis time. What is 
more impressive is that 15a (Figure 3.11(c)) and 15b (Figure 3.11(d)) are separated in 
mobile phase E. In the previous sections, 15b was not separated in any mobile phase 
due to high electronegativity of fluorine atom. It is separated here probably because of 
the interaction between CHCl3 and the fluorine atom. In addition, 4 (Figure 3.11(e)) 
and 5c (Figure 3.11(f)), although slightly separated as a main peak and a shoulder 
peak in mobile phases A-D, are clearly separated into two peaks in mobile phase E.  
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(a) 5-methoxyflavanone 11 (b) 6-methoxyflavanone 12 
 
(c) 1-phenylethanol 15a (d) 1-(4-fluorophenyl)ethanol 15b 
(e) benzoin 4 (f) benzoin isopropyl ether 5c 
 
Figure 3.11 Chromatograms of 11 (a), 12 (b), 15a (c), 15b (d), 4 (e) and 5c (f) on 
CSP AzCPC-1.5I2 in CHCl3-IPA-hexane solvent system II. 
Mobile phase compostion: CHCl3 : IPA : hexane (v:v:v):  
(A) 0:20:80; (B) 5:15:80; (C) 10:10:80; (D) 15:5:80; (E) 18:2:80. 
 
In the above discussions, hexane volume ratio in the mobile phase is kept 
constant at 90% or 80% and CHCl3 : IPA volume ratio is varied. In the following 
discussion, IPA volume ratio in the mobile phase is kept constant at 10%; CHCl3 
volume ratio is varied from 5% to 20% and the rest of the mobile phase is hexane. 
The enantioseparation results in mobile phase series III are listed in Table 3.11.  
From this table, the capacity factor k1' decreases as the CHCl3 volume ratio 
increases. For both the alcoholic and non-alcoholic racemates, the increasing solvent 
strength of the mobile phases caused by the increasing CHCl3 volume ratio is 
responsible for the shorter elution time and hence smaller k1'. 
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Table 3.11 Enantioseparation results of CSP AzCPC-1.5I2 in CHCl3-IPA-hexane 
solvent system III (IPA volume ratio = 10%). 
 
Entry k1' α k1' α k1' α k1' α
1 0.56 1.00 0.38 1.00 0.30 1.00 0.24 1.00
2 0.30 1.40 0.23 1.42 0.19 1.41 0.16 1.38
3 2.62 1.32 2.29 1.35 1.96 1.33 1.70 1.33
4 2.74 1.03 1.96 ~1 1.56 ~1 1.20 1.00
5a 0.80 1.18 0.56 1.20 0.42 1.21 0.33 1.21
5b 0.43 1.19 0.30 1.20 0.24 ~1 0.20 1.00
5c 0.29 1.00 0.21 1.00 0.16 1.00 0.12 1.00
6 1.13 1.17 0.73 1.17 0.51 1.15 0.36 1.16
7a 0.81 1.13 0.57 1.10 0.42 1.09 0.36 ~1
8 0.51 1.00 0.26 1.00 0.18 1.00 0.13 1.00
9 2.61 1.07 1.75 1.08 1.22 1.07 0.90 1.08
10 0.89 1.05 0.65 ~1 0.47 1.00 0.35 1.00
11 3.12 1.24 1.93 1.28 1.26 1.28 0.90 1.30
12 1.16 1.05 0.78 1.05 0.57 1.00 0.42 1.00
14 1.24 1.12 0.84 1.13 0.62 1.14 0.48 1.14
15a 1.17 ~1 1.03 ~1 0.90 1.00 0.81 1.00
15b 1.15 ~1 1.10 1.00 0.90 1.00 0.84 1.00
15c 1.18 1.06 1.09 1.07 0.99 1.07 0.89 1.07
15d 1.26 1.07 1.15 1.08 0.97 1.09 0.88 1.08
15e 1.31 1.07 1.21 1.08 1.11 1.09 0.98 1.09
15f 1.93 1.07 1.66 1.08 1.41 1.08 1.20 1.08
16 1.76 1.07 1.55 1.08 1.34 1.08 1.17 1.07
(C) 15:10:75 (D) 20:10:70
CHCl3:IPA:hexane (v:v:v)




As CHCl3 volume ratio increases, there are only slight changes in the enantio-
selectivity α. As a result, the resolution Rs does not change significantly for most 
racemates. As examples, the chromatograms of 15f and 14 are shown in Figure 3.12(a) 
and (b). The Rs values of 15f are between 0.81 and 0.93 in mobile phase A-D. 
Similarly, the Rs values of 14 are between 0.75 and 0.89. 
Nevertheless, for some racemates the Rs values are more affected, such as 6 
and 12. As shown in Figure 3.12(c), the Rs value of 6 decreases from 1.17 in mobile 
phase A to 0.77 in mobile phase D. The Rs value of 12 even decreases from 0.55 in 
mobile phase A to 0 in mobile phase D, which indicates the enantioselectivity is 
totally lost for 12 in mobile phase D. 
  
 90
(a) 1-(4-methoxylphenyl)ethanol 15f (b) prilocaine 14 
(c) benzoin benzoate 6 (d) 6-methoxyflavanone 12 
 
Figure 3.12 Chromatograms of 15f (a), 14 (b), 6 (c) and 12 (d) on CSP AzCPC-1.5I2  
in CHCl3-IPA-hexane solvent system III. 
Mobile phase composition: CHCl3 : IPA : hexane (v:v:v):  
(A) 5:10:85; (B) 10:10:80; (C) 15:10:75; (D) 20:10:70. 
 
3.4.4 Enantioseparation results of CSP AzCPC-1.5I2 in dichloromethane-IPA-
hexane solvent system 
Although some CHCl3-containing mobile phases provide better enantio-
separation for certain racemates, toxicity of CHCl3 is a concern when used in large 
quantities. CH2Cl2, being a commonly used and less toxic chlorinated HPLC solvent, 
is thus studied in the CH2Cl2-IPA-hexane solvent system.  
Two series of CH2Cl2-IPA-hexane mobile phases were studied:  
I. IPA volume ratio was kept constant as 10% and CH2Cl2 ratio was changed 
from 2% to 20%; 
II. Hexane volume ratio was kept constant as 80% and CH2Cl2 : IPA ratio 
was changed from 5:15 to 20:0. 
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The enantioseparation results in mobile phase series I are listed in Table 3.12. 
The compositions of mobile phases in Table 3.12 are similar to the mobile phases in 
Table 3.11, except for changing CHCl3 (Table 3.11) to CH2Cl2 (Table 3.12).  
 
Table 3.12 Enantioseparation results of CSP AzCPC-1.5I2 in CH2Cl2-IPA-hexane  
solvent series I (IPA volume ratio = 10%). 
 
Entry k1' α k1' α k1' α k1' α k1' α
1 0.83 1.00 0.75 1.00 0.46 1.00 0.37 1.00 0.42 1.00
2 0.36 1.34 0.31 1.35 0.22 1.33 0.18 1.31 0.17 ~1
3 2.42 1.28 2.27 1.29 1.67 1.27 1.47 1.25 1.31 1.14
4 2.73 1.03 2.45 1.03 1.54 1.03 1.19 ~1 1.02 ~1
5a 0.88 1.18 0.75 1.18 0.45 1.20 0.34 1.22 0.30 1.19
5b 0.47 1.19 0.43 1.18 0.26 1.16 0.23 1.20 0.30 1.17
5c 0.31 1.10 0.29 1.09 0.20 ~1 0.16 1.00 0.13 1.00
6 1.23 1.15 0.97 1.14 0.53 1.12 0.38 1.12 0.28 1.11
7a 0.88 1.09 0.73 1.09 0.45 1.08 0.35 1.00 0.21 1.00
8 0.82 1.00 0.67 1.00 0.31 1.00 0.20 1.00 0.16 1.00
9 2.68 1.07 2.22 1.08 1.26 1.08 0.85 1.08 0.57 1.09
10 1.01 1.04 0.86 1.04 0.55 1.00 0.43 1.00 0.51 1.00
11 3.56 1.23 2.96 1.24 1.61 1.26 1.10 1.26 0.77 1.28
12 1.31 1.05 1.12 1.05 0.67 ~1 0.47 1.00 0.54 1.00
14 1.92 1.07 1.69 1.08 0.75 1.15 0.57 1.14 0.63 ~1
15a 1.13 1.04 1.11 1.04 0.98 1.03 0.94 ~1 0.83 ~1
15b 1.19 ~1 1.19 ~1 0.95 ~1 0.91 1.00 1.12 1.00
15c 1.15 1.05 1.14 1.05 1.01 1.05 0.96 ~1 0.85 ~1
15d 1.25 1.06 1.23 1.06 1.01 1.07 0.98 1.06 0.90 1.05
15e 1.31 1.06 1.30 1.06 1.11 1.07 1.03 1.06 0.88 1.06
15f 1.92 1.07 1.83 1.07 1.44 1.07 1.28 1.07 0.94 1.08
16 1.71 1.07 1.66 1.06 1.33 1.06 1.17 1.06 0.99 ~1
(B) 5:10:85
CH2Cl2:IPA:hexane (v:v:v)




A comparison shows that the separation results in CH2Cl2-containing mobile 
phases are similar to or sometimes better than those in CHCl3-containing mobile 
phases. As shown in Figure 3.13, racemates 5b, 5c and 15a are better separated in 





CHCl3-containing mobile phases CH2Cl2-containing mobile phases 
benzoin ethyl ether 5b benzoin ethyl ether 5b 
benzoin isopropyl ether 5c benzoin isopropyl ether 5c 
1-phenylethanol 15a 1-phenylethanol 15a 
 
Mobile phase composition: 
CHCl3 :  IPA : hexane (v:v:v) 
(A) 5:10:85; (B) 10:10:80; 
(C) 15:10:75; (D) 20:10:70. 
 
Mobile phase composition: 
CH2Cl2 : IPA : hexane (v:v:v) 
(A) 2:10:88; (B) 5:10:85; (C) 10:10:80; 
(D) 15:10:75; (E) 20:10:70. 
 
Figure 3.13 Comparison of chromatograms of 5b, 5c, and 15a on CSP AzCPC-1.5I2 
in CHCl3-containing and CH2Cl2-containing mobile phases. 
 
The enantioseparation results in CH2Cl2-containing mobile phase series II are 
listed in Table 3.13. Again, the mobile phases in Table 3.13 are similar to the mobile 
phases in Table 3.10, except for changing CHCl3 to CH2Cl2. Comparison of these two 
tables indicates that CH2Cl2-containing mobile phases have similar or slightly worse 
enantioseparation results than CHCl3-containing mobile phases. However, it should 
be noted that benzoin 4 and benzoin isopropyl ether 5c are better separated in certain 
CH2Cl2-containing mobile phase (Figure 3.14 a and b).  
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Table 3.13 Enantioseparation results of CSP AzCPC-1.5I2 in CH2Cl2-IPA-hexane  
solvent series II (hexane volume ratio = 80%). 
 
Entry k1' α k1' α k1' α k1' α k1' α
1 0.73 1.00 0.46 1.00 0.85 1.00 0.94 1.00 / /
2 0.33 1.29 0.22 1.33 0.21 1.33 0.40 1.25 0.82 1.40
3 1.45 1.26 1.67 1.27 3.36 1.30 4.98 1.30 / /
4 1.86 1.04 1.54 1.03 2.07 1.03 2.68 1.04 / /
5a 0.67 1.18 0.45 1.20 0.59 1.21 0.83 1.22 3.40 1.15
5b 0.41 1.17 0.26 1.16 0.30 1.19 0.50 1.20 2.04 1.14
5c 0.31 ~1 0.20 1.00 0.22 1.10 0.37 1.08 1.58 1.08
6 0.87 1.13 0.53 1.12 0.63 1.14 0.92 1.14 3.20 1.09
7a 0.67 1.10 0.45 1.08 0.48 1.08 0.74 1.07 2.50 1.00
8 0.56 1.00 0.31 1.00 0.32 1.00 0.55 1.00 / /
9 1.80 1.08 1.26 1.08 1.44 1.08 1.93 1.08 6.09 1.04
10 0.80 ~1 0.55 1.00 0.64 1.00 0.93 ~1 2.62 1.03
11 2.23 1.22 1.61 1.26 2.12 1.29 2.87 1.31 / /
12 0.95 1.04 0.67 ~1 0.76 1.04 1.10 1.04 4.12 1.06
15a 0.75 ~1 0.98 1.03 1.90 1.04 2.36 1.04 / /
15b 0.65 1.00 0.95 ~1 1.90 1.03 2.58 1.03 / /
15c 0.69 1.00 1.01 1.05 2.02 1.06 2.70 1.06 / /
15d 0.67 1.06 1.01 1.07 2.16 1.07 2.89 1.07 / /
15e 0.82 1.06 1.11 1.07 2.27 1.08 2.97 1.07 / /
15f 1.20 1.07 1.44 1.07 2.75 1.08 3.66 1.07 / /
16 1.08 1.06 1.33 1.06 2.59 1.06 3.43 1.06 / /
CH2Cl2:IPA:hexane (v:v:v)
(E) 20:0:80(C) 15:5:80(A) 5:15:80 (B) 10:10:80 (D) 18:2:80
 
/: retention time is too long for an effective separation. 
 
a) Benzoin 4 b) Benzoin isopropyl ether 5c 
Mobile phase composition 
CH2Cl2 : IPA : hexane 
(A) 5:15:80; (B) 10:10:80; 
(C) 15:5:80; (D) 18:2:80; 
(E) 20:0:80. 
c) 7-Methoxyflavanone 13  
 
Figure 3.14 Chromatograms of 4, 5c, and 13 on CSP AzCPC-1.5I2 in CH2Cl2- 
containing mobile phase series II. 
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Interestingly, it was the first time that 7-methoxyflavanone 13 was resolved on 
CSP AzCPC-1.5I2 (Figure 3.14 c). It was not resolved in traditional IPA-hexane 
mobile phases or CHCl3-containing mobile phases. 
 
3.4.5  Enantioseparation results of CSP AzCPC-1.5I2 in EA-IPA-hexane and 
THF-IPA-hexane solvent systems  
Other than chloroform and dichloromethane, ethyl acetate (EA) and 
tetrahydrofuran (THF) are also used as HPLC solvents. Thus they are also added to 
the standard IPA-hexane solvent system and the enantioseparation results are shown 
in Table 3.14 and Table 3.15. 
 
 
Table 3.14 Enantioseparation results of CSP AzCPC-1.5I2 in EA-IPA-hexane  
solvent system (hexane volume ratio = 80%). 
 
Entry k1' α k1' α k1' α k1' α k1' α
1 0.68 1.06 1.09 1.00 0.76 1.00 1.16 1.00 1.81 1.00
2 0.34 1.28 0.32 1.24 0.31 1.23 0.31 1.15 0.46 1.20
3 1.18 1.21 1.22 1.19 1.60 1.17 1.89 1.16 6.51 1.09
4 2.03 1.04 2.03 1.04 2.29 1.04 2.51 1.04 5.46 1.03
5a 0.87 1.14 0.75 1.14 0.79 1.14 0.88 1.13 1.41 1.10
5b 0.51 1.13 0.44 1.13 0.46 1.13 0.50 1.10 0.81 1.08
5c 0.36 ~1 0.30 ~1 0.32 ~1 0.35 ~1 0.55 ~1
6 1.19 1.14 0.99 1.12 1.02 1.12 1.15 1.12 1.94 1.07
7a 0.89 1.09 0.82 1.08 0.84 1.08 0.90 1.08 1.27 1.00
8 1.27 1.04 1.27 ~1 1.74 1.04 2.45 ~1 2.52 ~1
9 2.21 1.06 2.01 1.06 2.04 1.06 2.20 1.05 3.51 1.04
10 0.96 ~1 0.83 ~1 0.84 ~1 0.88 1.00 1.31 1.00
11 3.26 1.19 3.32 1.19 4.00 1.19 4.71 1.17 / /
12 1.17 1.03 1.02 ~1 1.04 ~1 1.12 ~1 1.72 1.00
15a 0.70 ~1 0.86 ~1 1.15 ~1 1.35 ~1 2.63 1.00
15b 0.73 1.00 0.85 1.00 1.16 1.00 1.37 1.00 3.02 1.00
15c 0.69 1.00 0.82 1.00 1.12 1.00 1.33 ~1 2.28 1.00
15d 0.75 ~1 0.87 ~1 1.17 ~1 1.41 ~1 2.57 1.00
15e 0.75 ~1 0.89 ~1 1.20 ~1 1.42 1.00 2.83 1.00
15f 1.18 1.06 1.40 1.05 1.91 1.04 2.27 1.04 5.65 1.00
16 1.04 1.06 1.20 1.06 1.62 1.05 1.91 1.04 4.58 ~1
EA:IPA:hexane (v:v:v)
(E) 20:0:80(C) 15:5:80(A) 5:15:80 (B) 10:10:80 (D) 18:2:80
 
/: retention time is too long for an effective separation. 
 
The EA-containing mobile phases do not show much advantage over the 
standard IPA-hexane mobile phases. On the other hand, the THF-containing mobile 
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phases are superior to the IPA-hexane mobile phases for the following two racemates: 
Troger’s base 1 and benzoin 4. More THF-containing mobile phases are therefore 
utilized to achieve a better separation and some results are shown in Figure 3.15. 
 
Table 3.15 Enantioseparation results of CSP AzCPC-1.5I2 in THF-IPA-hexane  
solvent system (hexane volume ratio = 80%). 
 
Entry k1' α k1' α k1' α k1' α k1' α
1 0.73 1.08 0.60 1.07 0.66 1.06 0.93 ~1 1.22 ~1
2 0.39 1.27 0.34 1.24 0.32 1.19 0.34 1.17 0.46 1.20
3 1.46 1.19 1.06 1.14 1.47 1.11 1.85 1.11 4.97 1.06
4 2.65 1.06 1.93 1.07 2.27 1.07 2.69 1.07 5.29 1.05
5a 0.97 1.13 0.79 1.11 0.81 1.10 0.94 1.09 1.33 1.07
5b 0.57 1.12 0.47 1.10 0.48 1.09 0.55 1.07 0.80 1.06
5c 0.38 ~1 0.33 1.00 0.34 1.00 0.39 1.00 0.54 1.00
6 1.45 1.14 1.10 1.11 1.19 1.09 1.44 1.09 2.28 1.07
7a 1.05 1.10 0.82 1.09 0.84 1.08 0.94 1.09 0.99 1.00
8 1.73 1.04 1.38 ~1 1.88 ~1 2.65 1.00 5.28 1.00
9 2.91 1.07 2.02 1.07 2.14 1.06 2.42 1.06 3.47 1.06
10 1.10 1.04 0.86 ~1 0.87 ~1 0.96 1.00 1.29 1.00
11 4.74 1.17 3.40 1.15 4.28 1.14 5.51 1.12 / /
12 1.44 ~1 1.05 ~1 1.07 1.00 1.19 1.00 1.57 1.00
15a 0.94 ~1 0.75 ~1 1.01 1.00 1.16 1.00 / /
15b 0.93 ~1 0.75 1.00 0.99 1.00 1.17 1.00 / /
15c 0.92 ~1 0.72 1.00 0.97 1.00 1.19 1.00 / /
15d 0.98 ~1 0.76 ~1 1.03 ~1 1.24 1.00 / /
15e 1.02 ~1 0.79 ~1 1.07 ~1 1.28 1.00 / /
15f 1.62 1.05 1.24 1.05 1.65 1.04 2.06 1.00 / /
16 1.41 1.06 1.07 1.05 1.41 1.05 1.69 1.05 3.33 1.00
THF:IPA:hexane (v:v:v)
(E) 20:0:80(C) 15:5:80(A) 5:15:80 (B) 10:10:80 (D) 18:2:80
 
/: retention time is too long for an effective separation. 
   
 
a) Troger’s base 1 b) Benzoin 4 
 
Figure 3.15 Chromatograms of 1 and 4 on CSP AzCPC-1.5I2 in THF-containing  
mobile phases.  
Mobile phase composition: THF : IPA : hexane (v:v:v): 
(A) 0:5:95; (B) 5:5:90; (C) 10:5:85; (D) 15:5:80; (E) 20:5:75. 
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Benzoin 4 was only separated as a shoulder peak in the standard IPA-hexane 
mobile phase (α = 1.03 in 5% IPA-95% hexane). With the addition of THF, the 
resolution was significantly improved, as shown in Figure 3.15 (b). Such 
improvement may be attributed to the hydrogen bonding between the hydroxyl group 
of benzoin and the oxygen atom of THF. 
 
3.5  Summary 
The homogenous synthetic route in DMAc/LiCl solvent system has been 
developed for effective synthesis of AzCPCs with fewer steps than the “protection-
deprotection” route. Five AzCPCs have been synthesized, with different iodine-
cellulose ratios from 0.5:1 to 2.5:1. The obtained AzCPCs were characterized by FT-
IR, 1H-NMR, 13C-NMR and elemental analysis to confirm their structures and 
determine the DS on the cellulose skeleton. Five CSPs (the “iodine-ratio” series CSPs) 
were synthesized from these five AzCPCs via the “bonding-with-pre-coating” 
approach and the surface concentrations of the chiral selectors were determined by 
elemental analysis. 
The “iodine-ratio” CSP series were compared in standard 10% IPA-90% 
hexane mobile phase. The overall performance of CSP AzCPC-1.5I2 was found to be 
the best among the five CSPs. CSP AzCPC-1.5I2 resolved 22 out of 25 racemates, 
especially 1-phenylethanol and substituted 1-phenylethanols, which were not resolved 
on the other CSPs. CSP AzCPC-1.5I2 also performed well in 5% IPA-95% hexane 
and 20% IPA-80% hexane standard mobile phases. 
In non-standard mobile phases containing CHCl3, CH2Cl2, THF or EA, CSP 
AzCPC-1.5I2 has shown interesting chiral recognition on various racemates. On CSP 
AzCPC-1.5I2, alcoholic and non-alcoholic racemates have shown different behavior 
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in CHCl3-containing mobile phases. Flavanone and trans stilbene oxide were well 
resolved in 10% CHCl3-90% hexane mobile phase. 5-Methoxyflavanone was resolved 
with higher resolution and shorter elution time in 18% CHCl3-2% IPA-80% hexane 
mobile phase than 20% IPA-80% hexane mobile phase. CH2Cl2-containing system 
generally showed similar enantioselectivity as CHCl3-containing system. Benzoin 
isopropyl ether was well separated in 20% CH2Cl2-80% hexane mobile phase and 7-
methoxyflavanone was separated for the first time in 20% CH2Cl2-80% hexane 
mobile phase. EA-containing mobile phases showed poor performance and THF-
containing mobile phases showed specific improved enantioselectivity towards 
Troger’s base and benzoin.  
CSP AzCPC-1.5I2 has been proven an optimized CSP among the “iodine-
ratio” series CSPs. It has shown interesting chiral recognition ability in both standard 
and non-standard mobile phases. Its optimized iodine-cellulose ratio 1.5:1 will be 









Substituted azido cellulose 
phenylcarbamates and their application as 
CSPs for HPLC 
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4.1 Introduction 
A series of cellulose tris(phenylcarbamate) derivatives have been prepared in 
our work by reaction of cellulose with substituted phenyl isocyanates. Similar 
compounds have been synthesized and reviewed by Okamoto and co-workers.3,101,114 
Eight 4-substituted cellulose tris(phenylcarbamate) derivatives were compared 
with cellulose triphenylcarbamate in Okamoto’s group.127 It was found that 
derivatives with 4-methoxy and 4-nitro groups showed poor chiral recognition due to 
the high polarity of the substituents. The retention times of acetone, as well as the 1H 
NMR spectra, revealed that acetone was adsorbed on the NH proton via hydrogen 
bonding. On the other hand, the retention times of 1-(9-anthryl)-2,2,2-trifluoroethanol 
showed that it was adsorbed to the carbonyl oxygen via hydrogen bonding. It was 
therefore concluded that the main chiral adsorbing sites should be the polar carbamate 
groups, which “can interact with a solute via hydrogen bonding with NH and C=O 
groups and the dipole-dipole interaction on C=O”.127 
When comparing chloro-substituted and methyl-substituted cellulose phenyl-
carbamates, the performance of the chiral stationary phases was greatly affected by 
the number and position of the substituents.127 The 2-substituted and 2,6-disubstituted 
derivatives showed poor performance, mainly because the steric hindrance of a 2- 
and/or 6-substituent disturbed the ordered chain structure of the derivatives. On the 
other hand, the 3- or 4-substituted derivatives showed good chiral recognition towards 
many racemates. Furthermore, the 3,4- or 3,5-disubstituted derivatives showed even 
better enantioselectivities than the mono-substituted derivatives. Following this 
discovery, many di-substituted cellulose phenylcarbamates have been studied and 




phenylcarbamates;138 3-fluoro-, 3-chloro- and 3-bromo-5-methylphenylcarbamates;139 
3-alkoxyphenylcarbamates;133 and 2-alkoxyphenylcarbamates.133 
The enantioseparation results of some substituted cellulose phenylcarbamate 
derivatives are summarized from relevant literatures and listed in Table 4.1. The 
structures of the racemates used in the analysis are shown in Figure 4.1. 
 
Table 4.1 Enantioseparation results on literature-reported twelve substituted  
cellulose phenylcarbamate.★ 
 
k1' α k1' α k1' α k1' α k1' α k1' α
1 1.09 ca. 1 0.75 1.48 1.12 1.37 1.00 1.14 0.89 1.16 1.24 1.19
2 0.56 1.34 0.51 1.55 0.67 1.46 0.52 1.38 0.38 1.68 0.51 1.70
3 1.79 1.35 1.54 1.52 1.56 1.45 0.73 1.26 0.48 1.29 0.61 1.29
4 0.48 ca. 1 3.00 1.12 5.28 ca. 1 4.26 1.14 4.00 1.20 4.82 1.13
7a 1.31 1.13 1.14 1.20 1.88 1.17 1.74 1.12 1.63 1.16 1.98 1.17
8 0.95 ca. 1 0.90 1.75 2.57 1.24 2.33 1.53 3.16 1.46 2.37 1.79
10 2.23 ca. 1 1.57 1.16 2.22 1.10 1.89 1.13 1.85 1.12 2.39 1.13
k1' α k1' α k1' α k1' α k1' α k1' α
1 1.44 1.28 0.75 1.23 0.86 ca. 1 1.06 1.30 0.97 1.32 0.87 1.65
2 0.56 2.66 0.41 1.61 0.73 1.23 0.51 1.88 0.74 1.68 0.56 1.84
3 7.48 1.19 0.39 1.30 1.64 1.00 0.54 1.41 2.13 2.59 0.28 1.38
4 4.93 1.24 4.17 1.10 4.44 ca. 1 4.54 1.40 2.43 1.58 3.08 1.21
7a 2.77 1.62 1.94 1.18 1.53 ca. 1 2.09 1.22 1.17 1.15 2.65 1.26
8 1.93 1.63 1.75 2.06 0.25 1.00 2.00 1.41 0.42 ca. 1 0.76 1.82






4-CH3O 4-CH3 4-H 4-F 4-Cl 4-Br
4-I 4-CF3 3-Cl2-Cl
 
★ Results of cellulose tris(4-iodophenylcarbamate) were from ref. 131; results of the 
other cellulose phenylcarbamate derivatives were from ref. 127. 
★★ Structures of racemates are shown in Figure 4.1. 
The chromatographic performances of these cellulose phenylcarbamate 
derivatives have been studied and their possible separation mechanisms have been 
suggested by Okamoto and co-workers.127 However, these results were obtained on 
coated-type CSPs. Due to the solvent limitations to coated-type CSPs, the separation 
results were mostly from standard IPA-hexane mobile phases. Only cellulose 3,5-
dimethylphenylcarbamate (Daicel CHIRALPAK IB) and cellulose 3,5-dichloro-
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phenylcarbamate (Daicel CHIRALPAK IC) have been covalently bonded to silica gel 
and have resolved certain chiral compounds in non-standard mobile phases. 
 
Figure 4.1 Structures of racemates analyzed on substituted AzCPC CSPs. 
 
Up to now, the chiral separation abilities of many substituted cellulose 
phenylcarbamate derivatives in non-standard mobile phases still remain unknown. 
Ten substituted cellulose phenylcarbamate derivatives were therefore synthesized and 
immobilized by stable urea linkage and evaluated in both standard and non-standard 
mobile phases in our laboratory. The CSPs were compared in order to find the best 
CSP for each individual racemic compound. Thereafter, the enantioseparation result 
of individual racemic compound was optimized by adjusting the mobile phase 
components.  
 
4.2  Synthesis of CSPs based on substituted azido cellulose 
phenylcarbamate  
It was discussed in Chapter 3 that CSP AzCPC-1.5I2 performed better than 
the other four CSPs in the “iodine-ratio” series. The iodine-cellulose ratio in the 
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homogeneous synthetic route was therefore optimized at 1.5:1. With this optimum 
ratio, ten different cellulose derivatives were synthesized following Scheme 4.1. 
 
Scheme 4.1 Synthesis of substituted azido cellulose phenylcarbamates via the  
homogenous synthetic route. (iodine : cellulose = 1.5:1) 
X: 4-CH3O, 4-CH3, 4-F, 4-Cl, 4-Br, 4-I, 4-CF3O, 2-Cl, 3-Cl,  
3,5-(CH3)2 
 
Ten substituted phenyl isocyanates were used for functionalization of azido 
cellulose: 4-methoxy-, 4-methyl-, 4-fluoro-, 4-chloro-, 4-bromo-, 4-iodo-, 4-
trifluoromethoxy, 2-chloro, 3-chloro- and 3,5-dimethylphenyl isocyanate. The 
substituted AzCPCs are labeled as AzCPC-4-CH3O, -4-CH3, -4-F, -4-Cl, -4-Br, -4-I, -
4-CF3O, -2-Cl, -3-Cl and -3,5-(CH3)2, respectively.  
These ten substituted AzCPCs were then covalently bonded to aminopropyl 
silica gel via the “bonding-with-pre-coating” approach described in Section 2.2.2.1. 
The CSPs were packed into stainless steel columns and evaluated by HPLC.  
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4.3  Enantioseparation results of substituted azido cellulose 
phenylcarbamate in standard IPA-hexane solvent systems 
The ten CSPs were evaluated in the standard IPA-hexane solvent system. The 
enantioseparation results of fourteen racemates on the ten CSPs are shown in Table 
4.2. The structures of the racemates are shown in Figure 4.1. 
 
Table 4.2 Enantioseparation results of fourteen racemates on ten substituted AzCPCs 
in standard IPA-hexane solvent system. 
Mobile phase: IPA : hexane = 10:90 (v:v). 
 
k1' α k1' α k1' α k1' α k1' α
1 0.92 1.00 1.97 1.00 0.65 1.00 1.48 ~1 0.88 1.00
2 0.50 1.20 0.89 1.33 0.25 1.27 0.64 1.27 0.44 1.19
3 3.92 1.11 4.23 1.17 2.69 1.06 3.81 1.08 2.61 1.08
4 4.26 ~1 8.23 ~1 3.05 1.00 5.39 1.00 4.06 1.00
5a 1.42 1.07 2.84 1.10 0.94 1.04 1.88 1.04 1.42 ~1
7a 1.52 1.06 3.15 1.09 1.03 1.05 2.00 1.07 1.52 1.05
8 2.48 1.07 4.82 1.07 1.80 1.08 2.91 1.21 2.60 1.12
9 4.73 1.00 11.06 1.05 3.63 1.00 7.80 1.00 5.08 1.00
10 1.39 1.05 2.96 1.05 0.91 1.06 1.99 1.08 1.25 1.07
11 6.59 1.09 16.52 1.11 5.27 1.00 12.28 1.00 6.66 1.09
12 1.77 1.05 3.95 1.06 1.20 1.05 2.79 1.10 1.53 1.07
13 2.86 1.03 6.52 1.04 2.01 1.03 4.52 1.03 2.53 1.06
14 2.53 1.05 5.08 1.09 2.05 ~1 3.28 1.05 2.98 ~1
16 1.78 1.03 3.07 1.03 1.46 1.00 2.31 1.00 1.77 1.00
k1' α k1' α k1' α k1' α k1' α
1 0.97 1.00 1.41 ~1 1.01 1.00 1.23 1.15 1.37 1.06
2 0.50 1.15 0.72 1.30 0.58 1.23 0.65 1.29 0.66 1.00
3 2.69 1.04 2.15 1.19 5.08 1.12 4.28 1.39 2.22 1.71
4 3.44 1.03 4.73 1.08 4.44 1.00 4.61 1.06 2.53 1.17
5a 1.43 1.00 2.14 1.17 1.41 1.06 1.57 1.17 1.15 1.20
7a 1.51 1.00 2.67 1.17 1.40 ~1 1.79 1.12 1.25 1.14
8 3.02 1.00 3.12 1.12 2.14 1.00 2.29 1.10 1.23 1.00
9 5.14 1.04 6.82 1.08 5.10 1.05 5.56 1.12 3.02 1.12
10 1.62 1.00 2.22 ~1 1.68 1.05 2.09 1.06 1.15 1.10
11 6.40 1.04 8.63 1.16 7.30 1.09 8.07 1.12 4.26 1.17
12 2.25 1.00 2.89 ~1 2.38 1.05 2.84 1.06 1.62 1.04
13 2.96 1.00 4.54 ~1 3.57 1.00 4.31 1.00 2.01 1.11
14 2.56 1.00 3.84 1.12 2.15 ~1 2.95 1.12 1.89 1.11






4-Cl 4-Br 4-I 4-CF3O
 
 
As shown from Table 4.2, the ten substituted AzCPCs have quite different 
enantioseparation abilities towards the fourteen racemates. In order to compare the ten 
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CSPs and rank the best ones, the resolution values of each racemate on different CSPs 
were compared. The CSPs with top three resolution values for each racemate are 
listed in Table 4.3. The chromatogram of the best separation is also listed for a direct 
illustration.  
 
Table 4.3 Best three enantioseparation results among ten substituted AzCPCs and the 
chromatogram of the best enantioseparation.(10% IPA-90% hexane system) 
 
1
k1'= 1.23 k1'= 1.37
k2'= 1.41 k2'= 1.45
α= 1.15 α= 1.06
Rs= 0.92 Rs= 0.65
2
k1'= 0.89 k1'= 0.72 k1'= 0.65
k2'= 1.19 k2'= 0.94 k2'= 0.83
α= 1.33 α= 1.30 α= 1.29
Rs= 2.54 Rs= 2.05 Rs= 1.41
3
k1'= 2.22 k1'= 4.28 k1'= 2.15
k2'= 3.80 k2'= 5.94 k2'= 2.56
α= 1.71 α= 1.39 α= 1.19
Rs= 6.94 Rs= 3.15 Rs= 1.59
4
k1'= 2.53 k1'= 4.73 k1'= 4.61
k2'= 2.96 k2'= 5.10 k2'= 4.89
α= 1.17 α= 1.08 α= 1.06


















(To be continued) 
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Table 4.3 (continued) 
 
5a
k1'= 1.15 k1'= 2.14 k1'= 1.57
k2'= 1.39 k2'= 2.51 k2'= 1.84
α= 1.20 α= 1.17 α= 1.17
Rs= 1.67 Rs= 1.64 Rs= 1.27
7a
k1'= 2.67 k1'= 1.25 k1'= 1.79
k2'= 3.13 k2'= 1.43 k2'= 2.00
α= 1.17 α= 1.14 α= 1.12
Rs= 1.62 Rs= 1.02 Rs= 0.92
8
k1'= 2.91 k1'= 3.12 k1'= 2.60
k2'= 3.52 k2'= 3.49 k2'= 2.91
α= 1.21 α= 1.12 α= 1.12
Rs= 1.18 Rs= 0.92 Rs= 0.83
9
k1'= 3.02 k1'= 5.56 k1'= 6.82
k2'= 3.37 k2'= 6.21 k2'= 7.36
α= 1.12 α= 1.12 α= 1.08
Rs= 1.31 Rs= 1.03 Rs= 0.93











(To be continued) 
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Table 4.3 (continued) 
 
11
k1'= 4.26 k1'= 8.63 k1'= 8.07
k2'= 5.00 k2'= 10.01 k2'= 9.06
α= 1.17 α= 1.16 α= 1.12
Rs= 1.71 Rs= 1.39 Rs= 0.80
12
k1'= 2.79 k1'= 3.95 k1'= 1.77
k2'= 3.06 k2'= 4.19 k2'= 1.87
α= 1.10 α= 1.06 α= 1.05
Rs= 0.87 Rs= 0.79 Rs= 0.72
13
k1'= 2.01 k1'= 2.53 k1'= 6.52
k2'= 2.22 k2'= 2.67 k2'= 6.76
α= 1.11 α= 1.06 α= 1.04
Rs= 1.15 Rs= 0.61 Rs= 0.55
14
k1'= 3.84 k1'= 5.08 k1'= 1.89
k2'= 4.30 k2'= 5.55 k2'= 2.09
α= 1.12 α= 1.09 α= 1.11












From Table 4.3, CSP AzCPC-3,5-(CH3)2 has the best overall performance 
among the ten CSPs. For example, the resolution value of racemate 3 on CSP 
AzCPC-3,5-(CH3)2 is 6.94, much higher than the other nine CSPs. Similarly, the 
resolution values of racemates 4, 5a, 9, 10, 11 and 13 on CSP AzCPC-3,5-(CH3)2 are 
also the highest. Furthermore, the resolution values of racemates 1, 7a and 14 on CSP 
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AzCPC-3,5-(CH3)2 are either second or third best among the ten CSPs. Totally, CSP 
AzCPC-3,5-(CH3)2 shows good enantioseparations to 10 out of 14 racemates. 
One racemate that CSP AzCPC-3,5-(CH3)2 was unable to resolve was trans 
stilbene oxide 2, although it was resolved on the other nine CSPs. Racemate 2 was 
resolved on coated type cellulose 3,5-dimethylphenylcarbamate (CDMPC),127 but not 
on some of the covalently-bonded type CDMPCs.182,204-206 The change in chiral 
recognition of similar chiral selector may be ascribed to the change of the highly-
ordered 3-D structure of CDMPC upon immobilization. Thus, the inability of our 
current CSP AzCPC-3,5-(CH3)2 to resolve 2 can also be explained. 
CSP AzCPC-3-Cl and AzCPC-4-Cl show best enantioselectivity towards 
racemates 2, 7a and 14. In addition, the resolution of racemates 4, 5a, 8 and 11 on 
CSP AzCPC-3-Cl is second best, whereas the resolution of racemate 12 on AzCPC-
4-Cl is second best. These two CSPs are considered to be good CSPs since they show 
good enantioseparations towards 9 (3-Cl) and 5 (4-Cl) out of 14 racemates. On the 
contrary, CSP AzCPC-2-Cl is a poor CSP. Based on Table 4.2, it can only resolve 5 
out of 14 racemates with small α values, while CSP AzCPC-3-Cl can resolve 9 
racemates and CSP AzCPC-4-Cl can resolve 12 racemates. The apparent different 
performances of 2-, 3- and 4-chloro substituted AzCPC was explained by Okamoto et 
al.127 The steric hindrance of 2-substituent disturbs the ordered structure of the 
polymer chain, generating “many different kinds of chiral adsorbing sites”.127 As a 
result, 2-substituted cellulose phenylcarbamate derivatives generally show poorer 
enantioseparations than 3- and 4-substituted derivatives. 
When comparing the four 4-halogen-substituted AzCPCs, it is interesting to 
note that 4-Cl and 4-I AzCPCs are better than 4-F and 4-Br AzCPCs. It has been 
claimed by Okamoto’s group that the resolving power of the four cellulose 4-halogen-
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substituted phenylcarbamate derivatives followed the order of 4-F < 4-Cl, 4-Br ≤ 4-
I,131 which “may be ascribed to the difference in their higher-ordered structures”. In 
the current research, CSP AzCPC-4-F and AzCPC-4-Br do not seem to show any 
outstanding resolving power towards any racemates. On the other hand, CSP AzCPC-
4-Cl shows a good resolution to racemates 2, 10, 13 and 14, while CSP AzCPC-4-I 
shows good resolving power to racemate 8, 10 and 12. 
A comparison of the ten CSPs shows that electron-donating group or electron-
withdrawing group at the 3- or 4-position of phenyl ring has enhanced the 
enantioselectivity of corresponding CSPs. CSP AzCPC-3,5-(CH3)2, AzCPC-4-CH3, 
AzCPC-3-Cl, AzCPC-4-Cl and AzCPC-4-I are therefore considered superior in 
resolving certain racemate(s) over the other five CSPs. On the other hand, AzCPC-4-
CH3O and AzCPC-4-CF3O generally show poor enantioselectivity due to the 
adsorption of racemate on the polar methoxy or trifluoromethoxy group, which is far 
from a chiral AGU.127 
 
The mobile phase used in the above separation was 10% IPA-90% hexane. By 
decreasing the amount of IPA in the mobile phase, the retention time of the racemates 
should increase, which may improve the resolution of certain racemates. Some 
racemates were separated in mobile phase 5% IPA-95% hexane and 2% IPA-98% 
hexane. The results are shown in Table 4.4 and Table 4.5, respectively. 
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Table 4.4 Enantioseparation results of eleven racemates on ten substituted AzCPCs  
in standard 5% IPA-95% hexane solvent system. 
Mobile phase: IPA : hexane = 5:95 (v:v). 
 
k1' α k1' α k1' α k1' α k1' α
2 0.43 1.24 0.81 1.34 0.36 1.19 0.65 1.29 0.36 1.20
3 4.80 1.17 5.30 1.26 3.97 1.09 5.66 1.12 2.98 1.13
5a 1.56 1.07 3.20 1.09 1.40 ~1 2.32 1.04 1.47 1.00
5b 0.87 1.07 1.71 1.06 0.76 1.00 1.27 1.04 0.81 1.00
5c 0.58 1.00 1.08 1.00 0.48 1.00 0.82 1.00 0.53 1.00
6 2.27 1.07 4.89 1.15 1.95 1.04 3.89 1.25 2.01 1.04
7a 1.76 1.05 3.67 1.07 1.55 ~1 2.49 1.06 1.71 1.00
8 4.27 1.09 8.98 1.09 3.65 1.08 5.26 1.25 3.95 1.17
10 1.52 1.06 3.35 1.06 1.30 1.05 2.42 1.08 1.30 1.07
12 1.99 1.06 4.92 1.07 1.76 1.04 3.16 1.08 1.68 1.08
13 3.52 1.04 8.81 1.04 3.15 ~1 6.29 ~1 3.05 1.05
k1' α k1' α k1' α k1' α k1' α
2 0.52 1.12 0.62 1.30 0.54 1.24 0.73 1.30 0.65 1.11
3 4.05 1.07 3.94 1.23 7.67 1.18 7.93 1.44 4.51 1.86
5a 1.37 1.00 2.24 1.15 1.69 ~1 1.93 1.19 1.30 1.25
5b 0.76 1.00 1.21 1.11 0.89 1.00 1.08 1.17 0.71 1.14
5c 0.50 1.00 0.78 1.00 0.55 1.00 0.73 1.00 0.50 ~1
6 2.44 1.00 3.06 1.15 3.34 1.10 3.18 1.17 1.98 1.16
7a 1.61 1.00 2.84 1.13 1.59 1.00 2.23 1.08 1.54 1.12
8 3.69 1.00 4.97 1.13 3.41 1.00 3.69 1.09 3.17 1.00
10 1.63 1.00 2.20 1.03 2.04 1.00 2.37 1.05 1.47 1.10
12 2.32 1.00 3.11 ~1 3.04 1.00 3.26 1.06 1.90 1.07
13 3.45 1.00 5.25 1.00 4.85 1.00 5.29 1.00 2.67 1.11
4-CF3O
Entry
2-Cl 3-Cl 4-CH3O 4-CH3 3,5-(CH3)2
Entry
4-F 4-Cl 4-Br 4-I
 
 
Table 4.5 Enantioseparation results of five racemates on ten substituted AzCPCs 
in standard 2% IPA-98% hexane solvent system. 
Mobile phase: IPA : hexane = 2:98 (v:v). 
 
k1' α k1' α k1' α k1' α k1' α
2 0.51 1.24 0.85 1.36 0.40 1.22 0.69 1.30 0.36 1.30
5a 1.91 1.08 3.61 1.1 1.61 1.04 2.73 1.04 1.72 1.00
5b 1.07 1.06 1.95 1.08 0.92 ~1 1.48 1.04 0.97 1.00
5c 0.72 1.00 1.24 1.00 0.59 1.00 0.94 1.00 0.64 1.00
10 1.88 1.06 3.77 1.06 1.55 1.05 2.85 1.07 1.55 1.07
k1' α k1' α k1' α k1' α k1' α
2 0.64 1.14 0.68 1.31 0.58 1.25 0.78 1.31 0.69 1.10
5a 1.87 1.00 2.70 1.15 1.73 1.06 2.23 1.20 1.44 1.26
5b 1.04 1.00 1.48 1.12 0.96 1.05 1.25 1.19 0.79 1.16
5c 0.67 1.00 0.97 1.00 0.64 1.00 0.80 1.10 0.52 1.09












By comparing Table 4.3 with Table 4.4 and 4.5, it can be shown that CSPs 
have similar chromatographic behavior in different mobile phases. The better CSPs 
(AzCPC-3,5-(CH3)2, AzCPC-4-CH3, AzCPC-3-Cl, AzCPC-4-Cl and AzCPC-4-I) 
in Table 4.3 also show good enantioselectivity in Table 4.4 and 4.5. 
The resolution values of some racemates were significantly improved when 
less IPA was used in the mobile phase. As shown in Table 4.6, a comparison was 
done between mobile phase 10% IPA-90% hexane (2nd column) and mobile phases 
5% IPA-95% hexane or 2% IPA-98% hexane (3rd column).  
Table 4.6 Comparison of enantioseparation results in mobile phase with 10% IPA  
and less (5% / 2%) IPA. 
 
2
k1'= 0.89 k2'= 1.19 k1'= 0.85 k2'= 1.16
α= 1.33 Rs= 2.54 α= 1.36 Rs= 2.94
3
k1'= 2.22 k2'= 3.80 k1'= 4.51 k2'= 8.38
α= 1.71 Rs= 6.94 α= 1.86 Rs= 9.01
5a
k1'= 1.15 k2'= 1.39 k1'= 1.44 k2'= 1.82
α= 1.20 Rs= 1.67 α= 1.26 Rs= 2.63
CSP AzCPC-3,5-(CH3)2 CSP AzCPC-3,5-(CH3)2
CSP AzCPC-4-Cl CSP AzCPC-4-Cl
CSP AzCPC-3,5-(CH3)2 CSP AzCPC-3,5-(CH3)2
 
(To be continued) 
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Table 4.6 (continued) 
5b
k1'= 0.82 k2'= 0.95 k1'= 1.25 k2'= 1.48
α= 1.15 Rs= 0.90 α= 1.19 Rs= 1.32
5c
k1'= 0.55 k2'= 0.59 k1'= 0.80 k2'= 0.89
α= 1.07 Rs= 0.49 α= 1.10 Rs= 0.75
6
k1'= 1.53 k2'= 1.73 k1'= 1.98 k2'= 2.31
α= 1.13 Rs= 1.12 α= 1.16 Rs= 1.50
8
k1'= 2.91 k2'= 3.52 k1'= 5.26 k2'= 6.59
α= 1.21 Rs= 1.18 α= 1.25 Rs= 1.55
CSP AzCPC-4-CH3 CSP AzCPC-4-CH3
CSP AzCPC-4-CH3 CSP AzCPC-4-CH3
CSP AzCPC-3,5-(CH3)2 CSP AzCPC-3,5-(CH3)2
CSP AzCPC-4-I CSP AzCPC-4-I
 
 
(To be continued) 
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Table 4.6 (continued) 
10
k1'= 1.15 k2'= 1.27 k1'= 1.72 k2'= 1.91
α= 1.10 Rs= 0.98 α= 1.11 Rs= 1.28
13
k1'= 2.01 k2'= 2.22 k1'= 2.67 k2'= 2.96
α= 1.11 Rs= 1.15 α= 1.11 Rs= 1.29
CSP AzCPC-3,5-(CH3)2 CSP AzCPC-3,5-(CH3)2
CSP AzCPC-3,5-(CH3)2 CSP AzCPC-3,5-(CH3)2
 
 
As shown in Table 4.6, racemate 5b and 5c were not resolved in mobile phase 
10% IPA-90% hexane. Interestingly, when there was a smaller amount (2%) of IPA in 
the mobile phase, 5b was completely resolved and 5c was partially resolved. Similarly, 
racemate 10, which was not fully resolved in mobile phase 10% IPA-90% hexane, 
was now completely resolved in mobile phase 2% IPA-98% hexane. 
By adjusting the IPA ratio in the mobile phase, the enantioseparations can be 
optimized. In theory, resolution value increases with decreased polarity of mobile 
phase and hence increased retention time. According to Formula (4.1), resolution is 







α     (4.1) 
When the mobile phase contains less IPA, the retention time will generally 
increase because the mobile phase is less polar. In general, Rs increases significantly 
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with increased k when k is less than 3 but increases slowly when k is larger than 5. As 
a result, the retention time is usually kept between 15 and 50 min to achieve an 
optimized separation. When the retention time is too long, the resolution may not be 
good because of peak broadening and poor signal-to-noise ratio. 
 
4.4  Enantioseparation results of substituted azido cellulose 
phenylcarbamate in non-standard solvent systems 
Non-standard mobile phases may offer better enantioseparations than standard 
IPA-hexane mobile phases, as shown in Section 3.4.3 and 3.4.4. Results from Section 
3.4.3 and 3.4.4 show that mobile phase 18% CHCl3-2% IPA-80% hexane and 18% 
CH2Cl2-2% IPA-80% hexane generally resolved racemates well. The enantio-
separations of selected racemates in these two mobile phases were carried out on the 
ten substituted AzCPC CSPs and the results are shown in Table 4.7 and 4.8. 
 
Table 4.7 Enantioseparation results of selected racemates on ten substituted AzCPCs  
in CH2Cl2-containing solvent system. 
Mobile phase: CH2Cl2 : IPA : hexane = 18:2:80 (v:v:v). 
 
k1' α k1' α k1' α k1' α k1' α
2 0.30 1.13 0.45 1.27 0.22 ~1 1.62 1.00 0.23 1.21
3 3.85 1.15 3.72 1.25 3.05 1.08 4.70 1.12 2.58 1.14
5a 0.80 1.08 1.40 1.13 0.59 ~1 1.98 1.00 0.78 1.00
5b 0.51 ~1 0.79 1.11 0.34 1.00 1.71 1.00 0.42 1.00
5c 0.36 1.00 0.56 1.00 0.23 1.00 1.58 1.00 0.29 1.00
6 0.76 1.00 1.39 1.07 0.51 1.00 1.86 1.08 0.57 1.00
9 1.76 ~1 3.55 1.07 1.28 ~1 2.28 1.00 1.72 ~1
10 0.70 1.00 1.29 ~1 0.49 1.00 1.01 1.04 0.59 ~1
11 2.58 1.12 5.09 1.17 1.94 1.04 4.82 ~1 2.45 1.20
12 0.83 1.04 1.41 1.06 0.56 1.00 1.23 1.10 0.56 1.00




(To be continued) 
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Table 4.7 (continued) 
k1' α k1' α k1' α k1' α k1' α
2 1.36 ~1 0.40 1.15 0.25 1.13 0.36 1.20 0.28 1.00
3 3.40 1.03 4.47 1.24 4.77 1.13 4.99 1.40 1.40 1.16
5a 0.53 1.00 0.98 1.18 0.53 1.09 0.67 1.24 0.52 1.24
5b 0.41 1.00 0.59 1.13 0.35 1.00 0.42 1.17 0.30 1.16
5c 0.32 1.00 0.47 1.00 0.25 1.00 0.31 ~1 0.22 1.00
6 0.64 1.00 0.87 1.08 0.58 1.06 0.64 1.14 0.46 1.00
9 1.61 1.00 2.17 1.10 1.15 1.06 1.46 1.15 0.95 1.14
10 0.65 1.00 0.91 1.00 0.59 1.00 0.77 1.00 0.53 1.00
11 2.58 1.00 3.15 1.26 1.72 1.12 2.24 1.24 1.60 1.21
12 1.88 1.00 1.07 ~1 0.69 ~1 0.92 ~1 0.59 ~1
13 2.01 1.00 1.58 1.00 0.94 1.00 1.21 1.00 0.78 ~1
Entry
2-Cl 4-CH3 3,5-(CH3)23-Cl 4-CH3O
 
 
Table 4.8 Enantioseparation results of selected racemates on ten substituted AzCPCs  
in CHCl3-containing solvent system. 
Mobile phase: CHCl3 : IPA : hexane = 18:2:80 (v:v:v). 
 
k1' α k1' α k1' α k1' α k1' α
2 0.29 1.00 0.46 1.52 0.23 1.08 0.32 1.43 0.24 1.11
3 4.70 1.21 4.59 1.32 3.97 1.12 5.29 1.16 3.00 1.18
5a 0.77 1.08 1.38 1.12 0.69 ~1 1.03 1.06 0.74 1.00
5b 0.50 ~1 0.82 1.09 0.41 1.00 0.65 ~1 0.43 1.00
5c 0.33 1.00 0.56 1.00 0.29 1.00 0.44 1.00 0.31 1.00
6 0.85 1.04 1.55 1.11 0.75 1.00 1.30 1.23 0.80 1.00
10 0.68 ~1 1.20 1.05 0.56 1.00 0.91 1.06 0.56 ~1
11 2.30 1.13 5.28 1.18 2.08 1.04 5.87 1.00 2.20 1.20
12 0.76 1.05 1.55 1.07 0.66 ~1 1.14 1.09 0.59 1.08
13 1.22 1.00 2.39 ~1 1.01 1.00 1.83 1.00 1.06 ~1
k1' α k1' α k1' α k1' α k1' α
2 0.29 1.00 0.47 1.27 0.25 1.07 0.37 1.42 0.34 1.00
3 3.62 1.06 4.19 1.30 5.52 1.19 7.16 1.53 3.85 1.80
5a 0.56 1.00 1.04 1.17 0.54 1.07 0.76 1.25 0.52 1.31
5b 0.36 1.00 0.60 1.14 0.35 1.00 0.47 1.18 0.31 1.14
5c 0.25 1.00 0.47 1.00 0.24 1.00 0.33 1.09 0.23 1.00
6 0.68 1.00 1.09 1.12 0.69 1.07 0.88 1.14 0.55 1.11
10 0.57 1.00 0.92 ~1 0.58 ~1 0.86 ~1 0.51 1.11
11 1.53 1.00 3.93 1.28 1.55 1.10 2.36 1.26 1.46 1.24
12 0.66 1.00 1.13 ~1 0.69 ~1 0.98 1.05 0.58 1.09
13 0.92 1.00 1.72 1.00 0.97 1.00 1.38 1.00 0.81 1.10
4-Cl 4-Br 4-I 4-CF3O
Entry





THF-containing solvent system was also compared with the chlorinated-
solvent-containing systems. Because of the strong elution ability of THF, mobile 
phase with a smaller portion of THF (5% THF-5% IPA-90% hexane) was chosen. The 
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results are shown in Table 4.9. EA-containing solvent systems were not included 
because such systems have been shown to perform poorly in Section 3.4.5. 
 
Table 4.9  Enantioseparation results of selected racemates on ten substituted  
AzCPCs in THF-containing solvent system. 
Mobile phase: THF : IPA : hexane = 5:5:90 (v:v:v). 
 
k1' α k1' α k1' α k1' α k1' α
1 0.90 1.00 1.41 1.00 0.78 1.00 1.20 1.00 0.69 1.00
2 0.37 1.15 0.58 1.28 0.31 1.13 0.46 1.21 0.29 1.13
3 1.98 1.10 1.83 1.18 1.71 1.05 2.00 1.07 1.21 1.08
4 3.53 1.03 5.45 1.05 2.90 1.00 3.91 1.00 3.00 1.00
5a 1.12 1.05 1.83 1.05 0.94 1.00 1.33 1.00 0.93 1.00
5b 0.68 1.00 1.07 1.00 0.56 1.00 0.77 1.00 0.54 1.00
5c 0.47 1.00 0.69 1.00 0.38 1.00 0.51 1.00 0.37 1.00
6 1.48 1.06 2.38 1.14 1.24 ~1 1.86 1.06 1.11 1.07
10 1.07 1.05 1.90 1.05 0.90 ~1 1.34 1.06 0.83 1.06
11 3.19 1.05 5.94 1.08 2.64 ~1 3.77 1.04 2.75 1.07
12 1.33 1.04 2.46 1.05 1.13 ~1 1.84 1.06 0.98 1.06
13 2.16 1.03 4.12 1.04 1.76 ~1 2.82 1.04 1.67 1.05
k1' α k1' α k1' α k1' α k1' α
1 0.93 1.00 1.20 ~1 0.98 1.00 1.18 1.13 1.27 1.06
2 0.46 1.10 0.52 1.27 0.45 1.21 0.59 1.29 0.49 1.00
3 1.82 1.05 1.70 1.16 2.91 1.12 3.36 1.33 1.65 1.57
4 3.24 ~1 4.33 1.13 3.73 1.04 4.47 1.08 2.45 1.18
5a 1.13 1.00 1.52 1.13 1.16 1.05 1.40 1.15 0.87 1.20
5b 0.67 1.00 0.88 1.07 0.70 ~1 0.83 1.13 0.52 1.11
5c 0.45 1.00 0.59 ~1 0.47 1.00 0.60 ~1 0.37 1.00
6 1.89 1.00 1.92 1.14 2.05 1.09 2.18 1.14 1.26 1.11
10 1.24 1.00 1.54 ~1 1.36 ~1 1.69 1.05 1.01 1.12
11 2.87 1.00 4.24 1.10 3.17 1.07 4.31 1.13 2.45 1.13
12 1.67 1.00 1.93 1.00 1.82 ~1 2.21 1.05 1.24 1.08










4.4.1 Enantioseparation of flavanone and flavanone derivatives in non-
standard mobile phases 
Flavanones are a subclass of flavonoids which have a chiral centre at its C-2, 
but most of the commercially available flavanones are sold as racemates. Because of 
their potent anti-oxidant capacities and many other beneficial effects, it is interesting 
to study the biological and pharmaceutical properties of single enantiomers of 
flavanones. As a result, enantioseparation of racemic flavanones have been studied on 
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various CSPs.296 The current research on enantioseparation of flavanones on AzCPCs 
is part of the ongoing investigation for more detailed stereospecific knowledge of 
flavanones. 
Enantioseparation results of flavanone 10 are shown in Table 4.10. 10 was not 
well resolved in 8% chlorinated-solvent-2% IPA-90% hexane (Table 4.10 e-f) or 18% 
chlorinated-solvent-2% IPA-80% hexane (Table 4.10 c-d) mobile phases. When the 
polar component in the mobile phase was decreased, the retention time was longer but 
within an acceptable time length of about 30 min. IPA in the mobile phase was then 
decreased to 1% or 0.5% (Table 4.10 g-l). Judging from the resolution value, mobile 
phases 5% CHCl3-0.5% IPA-95% hexane (Rs = 1.46, Table 4.10 i) and 2% CHCl3-
0.5% IPA-98% hexane (Rs = 1.45, Table 4.10 k) are the optimized mobile phases for 
enantioseparation of 10 on CSP AzCPC-3,5-(CH3)2. 
 
Table 4.10 Enantioseparation of flavanone 10 in different mobile phases  
on CSP AzCPC-3,5-(CH3)2. 
 
a) 2% IPA-98% Hexane 
k1' = 1.72                      k2' = 1.91 
α = 1.11                       Rs = 1.24 
b) 1% IPA-99% Hexane 
k1' = 3.07                      k2' = 3.44 
α = 1.12                       Rs = 1.35 
c) 18% CHCl3-2% IPA-80% Hexane 
k1' = 0.51                      k2' = 0.57 
α = 1.11                       Rs = 0.74 
d) 18% CH2Cl2-2% IPA-80% Hexane 
k1' = 0.53                      k2' = N.A. 
α = ca. 1                       Rs = N.A. 
(To be continued) 
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Table 4.10 (continued) 
e) 8% CHCl3-2% IPA-90% Hexane 
k1' = 0.89                      k2' = 1.01 
α = 1.12                       Rs = 1.02 
f) 8% CH2Cl2-2% IPA-90% Hexane 
k1' = 0.93                      k2' = 1.02 
α = 1.10                       Rs = 0.91 
g) 2% CHCl3-1% IPA-97% Hexane 
k1' = 1.93                      k2' = 2.17 
α = 1.13                       Rs = 1.37 
h) 2% CH2Cl2-1% IPA-97% Hexane 
k1' = 1.98                      k2' = 2.20 
α = 1.11                       Rs = 1.27 
i) 5% CHCl3-0.5% IPA-95% Hexane 
k1' = 2.42                      k2' = 2.71 
α = 1.12                       Rs = 1.46 
j) 5% CH2Cl2-0.5% IPA-95% Hexane  
k1' = 2.14                      k2' = 2.33 
α = 1.09                       Rs = 1.12 
k) 2% CHCl3-0.5% IPA-98% Hexane  
k1' = 2.64                      k2' = 2.95 
α = 1.12                       Rs = 1.45 
l) 2% CH2Cl2-0.5% IPA-98% Hexane  
k1' = 2.50                      k2' = 2.76 
α = 1.10                       Rs = 1.34 
 
The enantioseparation results of 5-methoxyflavanone 11 in various standard 
and non-standard mobile phases are shown in Table 4.11. In standard mobile phases, 
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when the ratio of IPA was decreased from 40% to 10%, the retention time increased 
and the peak became relatively sharper. As a result, the resolution improved from 0.91 
(40% IPA-60% hexane, Table 4.11 a) to 1.71 (10% IPA-90% hexane, Table 4.11 d). 
One the other hand, when the IPA ratio was further decreased from 10% to 2% (Table 
4.11 f), the resolution deteriorated due to severe peak broadening, although 
enantioselectivity α was slightly improved.  
 
Table 4.11 Enantioseparation of 5-methoxyflavanone 11 in different mobile phases  
on CSP AzCPC-3,5-(CH3)2.  
 
a) 40% IPA-60% Hexane 
k1' = 1.30                      k2' = 1.49 
α = 1.15                       Rs = 0.91 
b) 30% IPA-70% Hexane 
k1' = 1.69                      k2' = 1.94 
α = 1.15                       Rs = 0.97 
c) 20% IPA-80% Hexane 
k1' = 2.51                      k2' = 2.90 
α = 1.16                       Rs = 1.09 
d) 10% IPA-90% Hexane 
k1' = 4.26                      k2' = 5.00 
α = 1.17                       Rs = 1.71 
e) 5% IPA-95% Hexane 
k1' = 6.94                      k2' = 8.20 
α = 1.18                       Rs = 1.67 
f) 2% IPA-98% Hexane 
k1' = 11.55                      k2' = 13.67 
α = 1.18                       Rs = 1.45 
(To be continued) 
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Table 4.11 (continued) 
g) 10% CHCl3-10% IPA-80% Hexane 
k1' = 1.24                      k2' = 1.48 
α = 1.19                       Rs = 1.37 
h) 10% CH2Cl2-10% IPA-80% Hexane 
k1' = 1.18                      k2' = 1.38 
α = 1.17                       Rs = 1.28 
i) 20% CHCl3-10% IPA-70% Hexane 
k1' = 0.63                      k2' = 0.76 
α = 1.20                       Rs = 1.12 
j) 20% CH2Cl2-10% IPA-70% Hexane 
k1' = 0.59                      k2' = 0.68 
α = 1.16                       Rs = 0.96 
k) 10% CHCl3-5% IPA-85% Hexane 
k1' = 1.83                      k2' = 2.21 
α = 1.21                       Rs = 1.60 
l) 10% CH2Cl2-5% IPA-85% Hexane 
k1' = 1.73                      k2' = 2.05 
α = 1.19                       Rs = 1.48 
m) 20% CHCl3-5% IPA-75% Hexane 
 
k1' = 0.93                      k2' = 1.13 
α = 1.22                       Rs = 1.43 
n) 20% CH2Cl2-5% IPA-75% Hexane 
k1' = 0.84                      k2' = 1.00 
α = 1.18                       Rs = 1.22 
(To be continued) 
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Table 4.11 (continued) 
o) 5% CHCl3-2% IPA-93% Hexane 
k1' = 5.19                      k2' = 6.27 
α = 1.21                       Rs = 1.76 
p) 5% CH2Cl2-2% IPA-93% Hexane 
k1' = 5.20                      k2' = 6.28 
α = 1.21                       Rs = 1.08 
q) 10% CHCl3-2% IPA-88% Hexane 
k1' = 2.90                      k2' = 3.56 
α = 1.23                       Rs = 1.90 
r) 10% CH2Cl2-2% IPA-88% Hexane 
k1' = 2.70                      k2' = 3.25 
α = 1.21                       Rs = 1.74 
s) 15% CHCl3-2% IPA-83% Hexane 
k1' = 2.11                      k2' = 2.61 
α = 1.24                       Rs = 2.04 
t) 15% CH2Cl2-2% IPA-83% Hexane 
k1' = 1.97                      k2' = 2.32 
α = 1.18                       Rs = 1.71 
u) 20% CHCl3-2% IPA-78% Hexane 
k1' = 1.44                      k2' = 1.78 
α = 1.24                       Rs = 1.77 
v) 20% CH2Cl2-2% IPA-78% Hexane 
k1' = 1.33                      k2' = 1.57 
α = 1.18                       Rs = 1.49 
(To be continued) 
 121
Table 4.11 (continued) 
w) 100% CHCl3 
k1' = 1.83                      k2' = N.A. 
α = 1.00                       Rs = N.A. 
x) 100% CH2Cl2 
k1' = 2.18                      k2' = N.A. 
α = 1.00                       Rs = N.A. 
y) 50% CHCl3-50% Hexane 
α = 1.00                       Rs = N.A. 
z) 50% CH2Cl2-50% Hexane 
α = 1.00                       Rs = N.A. 
 
Non-standard mobile phases provide better resolution for 11 than standard 
mobile phases despite their similar elution ability, indicated by the close retention 
times or k1'/k2' values. As an example, 11 is separated with Rs 1.37 in mobile phase 
10% CHCl3-10% IPA-80% hexane (Table 4.11 g) in about 16 min. It is also separated 
in mobile phase 40% IPA-60% hexane (Table 4.11 a) in about 16 min, but with a 
smaller Rs value 0.91. Similarly, mobile phase 10% CHCl3-5% IPA-85% hexane (Rs 
= 1.60, Table 4.11 k) performs better than 30% IPA-70% hexane (Rs = 0.97, Table 
4.11 b). 
When the quantity of CHCl3 or CH2Cl2 is kept constant, there is improved 
separation with a decrease in the amount of IPA. When CHCl3 is kept constant at 20%, 
the resolution improves from 1.12 (10% IPA, Table 4.11 i) to 1.43 (5% IPA, Table 
4.11 m) to 1.77 (2% IPA, Table 4.11 u), respectively. This may be explained by the 
increased enantioselectivity α from 1.20 (10% IPA, Table 4.11 i) to 1.22 (5% IPA, 
Table 4.11 m) to 1.24 (2% IPA, Table 4.11 u) when CHCl3 is kept at 20%. Similarly, 
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when CH2Cl2 is kept constant at 20%, the resolution improves from 0.96 (10% IPA, 
Table 4.11 j) to 1.22 (5% IPA, Table 4.11 n) to 1.49 (2% IPA, Table 4.11 v). A 
similar trend is also observed when CHCl3 or CH2Cl2 is kept constant at 10%.  
Based on the above discussion, a low amount of IPA (2%) is preferred for 
better resolution of 11. Further optimization was carried out by fixing IPA to 2% and 
adjusting the amount of CHCl3 or CH2Cl2, as shown in chromatograms o-v in Table 
4.11. The mobile phases with 15% CHCl3 (Table 4.11 s) or 10% CH2Cl2 (Table 4.11 r) 
were found to be the optimized solvent systems. When the amount of chlorinated 
solvent was too high (20%, Table 4.11 u-v), the resolution decreased because of the 
short retention time and hence a smaller k1'/k2' value, although the enantioselectivity α 
was maintained. On the other hand, when the amount of chlorinated solvent was too 
low (5%, Table 4.11 o-p), the resolution also became worse because of the reduced 
enantioselectivity α and broadening peaks. 
It seems that chlorinated solvent shows better enantioselectivity and hence 
improved resolution than standard IPA for 11. However, when 100% CHCl3 or 
CH2Cl2 was used, only a single peak was observed (Table 4.11 w and x). When 50% 
CH2Cl2-50% hexane (Table 4.11 z) was used, the retention time was comparable to 
10% IPA-90% hexane system (Table 4.11 d) but no separation was achieved. When 
50% CHCl3-50% hexane (Table 4.11 y) was used, the retention time was also quite 
long. Although there were two peaks on the chromatogram (Table 4.11 y), they were 
quite close to each other and not of Gaussian shape. It is therefore suggested that a 
combination of IPA and chlorinated solvent improves the enantioseparation of 11, 
compared to solely IPA or solely chlorinated solvent. 
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Although 6-methoxyflavanone 12 was best separated on CSP AzCPC-4-I (Rs 
= 0.87) in standard mobile phase (10% IPA-90% hexane) as shown in Table 4.3, the 
resolution was far from satisfactory. Optimization is therefore necessary by changing 
the compositions of the mobile phases as shown in Table 4.12.  
Table 4.12 Enantioseparation of 6-methoxyflavanone 12 in different mobile phases  
on CSP AzCPC-4-I. 
 
Standard mobile phase THF-containing mobile phase 
a) 10% IPA-90% Hexane 
k1' = 2.79                     k2' = 3.06 
α = 1.10                       Rs = 0.87 
b) 5% THF-5% IPA-90% Hexane 
k1' = 1.84                      k2' = 1.95 
α = 1.06                       Rs = 0.64 
CHCl3-containing mobile phases CH2Cl2-containing mobile phases 
c) 18% CHCl3-2% IPA-80% Hexane 
k1' = 1.14                     k2' = 1.25 
α = 1.09                       Rs = 0.74 
d) 18% CH2Cl2-2% IPA-80% Hexane 
k1' = 1.23                     k2' = 1.34 
α = 1.10                       Rs = 0.78 
e) 8% CHCl3-2% IPA-90% Hexane 
k1' = 2.26                     k2' = 2.49 
α = 1.10                       Rs = 0.85 
f) 8% CH2Cl2-2% IPA-90% Hexane 
k1' = 2.12                     k2' = 2.33 
α = 1.10                       Rs = 0.87 
(To be continued) 
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Table 4.12 (continued) 
g) 9% CHCl3-1% IPA-90% Hexane 
k1' = 3.95                     k2' = 4.56 
α = 1.15                       Rs = 1.10 
h) 9% CH2Cl2-1% IPA-90% Hexane 
k1' = 3.01                     k2' = 3.42 
α = 1.14                       Rs = 1.18 
 
It is clear that addition of THF to the mobile phase (5% THF-5% IPA-90% 
hexane, Table 4.12 b) does not improve either enantioselectivity or resolution. On the 
other hand, addition of CHCl3 or CH2Cl2 to the mobile phase improves the enantio-
separation. When 18% CHCl3 or CH2Cl2 (Table 4.12 c-d) is in the mobile phase, the 
enantioselectivity is almost maintained, although the resolution is worse due to short 
retention time. When 8% CHCl3 or CH2Cl2 (Table 4.12 e-f) is in the mobile phase, the 
separation result is nearly the same as that in standard mobile phase achievable in 
shorter analysis time. More importantly, when CHCl3 or CH2Cl2 is more dominant 
(9%, Table 4.12 g-h) in the mobile phase, improved enantioselectivity and baseline 
separations are observed. Based on the larger resolution value and larger signal-to-
noise ratio, 9% CH2Cl2-1% IPA-90% hexane system (Table 4.12 h) is chosen as the 
best mobile phase for enantioseparation of 12. 
 
7-Methoxyflavanone 13 was best separated on CSP AzCPC-3,5-(CH3)2, as 
shown in Table 4.2 and 4.3. Comparing its separation in non-standard mobile phases, 
CSP AzCPC-3,5-(CH3)2 is also the best CSP for 13 as shown in Table 4.7-4.9. Table 
4.13 shows some chromatographic data of 13 in standard and non-standard mobile 
phases.  
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Table 4.13 Enantioseparation of 7-methoxyflavanone 13 in different mobile phases  
on CSP AzCPC-3,5-(CH3)2. 
 
Standard mobile phases 
a) 10% IPA-90% Hexane 
k1' = 2.01                     k2' = 2.22 
α = 1.11                       Rs = 1.15 
b) 5% IPA-95% Hexane 
k1' = 2.67                     k2' = 2.96 
α = 1.11                       Rs = 1.29 
Non-standard mobile phases 
c) 8% CHCl3-2% IPA-90% hexane 
 k1' = 1.57                     k2' = 1.75 
α = 1.12                       Rs = 1.25 
d) 5% THF-5% IPA-90% Hexane 
k1' = 1.81                     k2' = 2.02 
α = 1.12                       Rs = 1.35 
 
Addition of 8% CHCl3 to the mobile phase (Table 4.13 c) can slightly improve 
the enantioselectivity to 1.12, as compared to 1.11 in the standard mobile phases (10% 
IPA-90% hexane, Table 4.13 a). The resolution is also improved from 1.15 (10% 
IPA-90% hexane, Table 4.13 a) to 1.25 (8% CHCl3-2% IPA-90% hexane, Table 4.13 
c). However, too much CHCl3 (18%) decreases the enantioselectivity to 1.10 instead 
and hence results in a poorer resolution. On the other hand, addition of either 8% or 
18% CH2Cl2 leads to decreased enantioselectivity and resolution. Interestingly, when 
5% THF (Table 4.13 d) is added to the mobile phase, both the enantioselectivity and 
resolution are improved while the retention time is shortened. Resolution is improved 
from 1.29 (5% IPA-95% hexane, Table 4.13 b) to 1.35 (5% THF-5% IPA-90% 
hexane, Table 4.13 d). Considering that the k1' value in the first mobile phase (1.81) is 
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much smaller than that in the second mobile phase (2.67), the improvement of 
resolution (1.29 to 1.35) by the small change of α (1.11 to 1.12) is significant.  
 
4.4.2 Enantioseparation of benzoin and benzoin derivatives in non-standard 
mobile phases 
Benzoin and benzoin derivatives are important structural units for many 
biologically active natural products and drugs.297 Chiral benzoins can be prepared 
from enantioselective benzoin condensation reactions298 or kinetic resolution of 
racemates.297 Enantioseparation is useful in determining the enantiopurity of the chiral 
benzoins and thus it is studied in the current research. 
The optimization of enantioseparation of benzoin is shown in Table 4.14. 
Benzoin 4 is generally retained longer on the CSPs compared with its ether 
derivatives 5a, 5b and 5c. Mobile phases with comparably more polar solvents are 
used to effectively control the retention time. The optimized mobile phases for 
enantioseparation of benzoin are 10% CH2Cl2-2% IPA-88% hexane (Rs = 1.89, Table 
4.14 j) and 10% CHCl3-2% IPA-88% hexane (Rs = 1.85, Table 4.14 i). 
 
Table 4.14 Enantioseparation of benzoin 4 in different mobile phases  
on CSP AzCPC-3,5-(CH3)2. 
 
a) 10% CHCl3-10% IPA-80% Hexane 
k1' = 1.22                      k2' = 1.43 
α = 1.17                       Rs = 1.44 
b) 10% CH2Cl2-10% IPA-80% Hexane 
k1' = 1.02                      k2' = 1.20 
α = 1.17                       Rs = 1.48 
(To be continued) 
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Table 4.14 (continued) 
c) 20% CHCl3-10% IPA-70% Hexane 
 
k1' = 0.74                      k2' = 0.86 
α = 1.15                       Rs = 1.14 
d) 20% CH2Cl2-10% IPA-70% Hexane 
k1' = 0.59                      k2' = 0.68 
α = 1.16                       Rs = 1.02 
e) 10% CHCl3-5% IPA-85% Hexane 
k1' = 1.78                      k2' = 2.08 
α = 1.17                       Rs = 1.67 
f) 10% CH2Cl2-5% IPA-85% Hexane 
k1' = 1.46                      k2' = 1.71 
α = 1.18                       Rs = 1.71 
g) 20% CHCl3-5% IPA-75% Hexane 
 
k1' = 1.09                      k2' = 1.25 
α = 1.15                       Rs = 1.35 
h) 20% CH2Cl2-5% IPA-75% Hexane 
k1' = 0.83                      k2' = 0.96 
α = 1.16                       Rs = 1.27 
i) 10% CHCl3-2% IPA-88% Hexane 
 
k1' = 2.65                      k2' = 3.10 
α = 1.17                       Rs = 1.85 
j) 10% CH2Cl2-2% IPA-88% Hexane 
k1' = 2.17                      k2' = 2.56 
α = 1.18                       Rs = 1.89 
(To be continued) 
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Table 4.14 (continued) 
k) 20% CHCl3-2% IPA-78% Hexane 
 
k1' = 1.63                      k2' = 1.87 
α = 1.15                       Rs = 1.44 
l) 20% CH2Cl2-2% IPA-78% Hexane 
k1' = 1.20                      k2' = 1.39 
α = 1.15                       Rs = 1.43 
 
As shown in Table 4.6, benzoin isopropyl ether 5c was only partially resolved 
(Rs = 0.75) in mobile phase 2% IPA-98% hexane on CSP AzCPC-4-CH3. 
Optimization of 5c was therefore carried out on CSP AzCPC-4-(CH3) in both 
standard and chlorinated-solvent-containing mobile phases (Table 4.15).  
 
Table 4.15 Enantioseparation of benzoin isopropyl ether 5c in different mobile phases  
on CSP AzCPC-4-CH3. 
 
Standard mobile phases 
a) 1% IPA-99% Hexane 
k1' = 1.18                      k2' = 1.34 
α = 1.14                       Rs = 0.93 
b)  0.5% IPA-99.5% Hexane 
k1' = 1.84                      k2' = 2.14 
α = 1.16                       Rs = 1.19 
CHCl3-containing mobile phases CH2Cl2-containing mobile phases 
c) 10% CHCl3-0.5% IPA-90% Hexane 
k1' = 1.10                      k2' = 1.31 
α = 1.18                       Rs = 1.14 
d) 10% CH2Cl2-0.5% IPA-90% Hexane 
k1' = 0.90                      k2' = 1.06 
α = 1.17                       Rs = 1.06 
(To be continued) 
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Table 4.15 (continued) 
e) 5% CHCl3-0.5% IPA-95% Hexane 
k1' = 1.45                   k2' = 1.72 
 α = 1.19                     Rs = 1.27 
f) 5% CH2Cl2-0.5% IPA-95% Hexane 
k1' = 1.27                      k2' = 1.52  
α = 1.20                       Rs = 1.36 
g) 2% CHCl3-0.5% IPA-98% Hexane 
k1' = 1.55                      k2' = 1.85 
α = 1.20                       Rs = 1.30 
h) 2% CH2Cl2-0.5% IPA-98% Hexane 
k1' = 1.48                      k2' = 1.79 
α = 1.21                       Rs = 1.36 
 
In standard mobile phases, when the amount of IPA is further decreased to 1% 
and 0.5%, the resolution is improved from 0.75 (2% IPA) to 0.93 (1% IPA, Table 
4.15 a) and 1.19 (0.5% IPA, Table 4.15 b). As shown from the chromatogram in 
Table 4.15, 5c is almost baseline resolved in mobile phase 0.5% IPA-99.5% hexane.  
Moreover, the separation can be further improved by addition of chlorinated 
solvent to the 0.5% IPA-99.5% hexane mixture. When 10% chlorinated solvent is 
added, resolution (1.14 for 10% CHCl3, Table 4.15 c; 1.06 for 10% CH2Cl2, Table 
4.15 d) is not as good as in standard mobile phase. When 5% chlorinated solvent is 
added, resolution is improved (1.27 for 5% CHCl3, Table 4.15 e; 1.36 for 5% CH2Cl2, 
Table 4.15 f). When the amount of chlorinated solvent is further decreased to 2% 
(Table 4.15 g-h), the improvement of resolution is not as significant as 5% chlorinated 
solvent. Therefore, mobile phase 5% CH2Cl2-0.5% IPA-95% hexane (Table 4.15 f) is 
the best mobile phase for enantioseparation of 5c on CSP AzCPC-4-CH3 because of 
its good resolution, short analysis time and good signal-to-noise ratio. 
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Optimization of enantioseparation of benzoin ethyl ether 5b was performed on 
CSP AzCPC-4-CH3 and the results are shown in Table 4.16. 5b is generally resolved 
better than 5c in the same mobile phase. Basically, 5b can be resolved in all the eight 
mobile phases in Table 4.16. By purely comparing the resolution value, 10% CHCl3-
0.5% IPA-90% hexane offers the highest resolution (Rs = 1.91, Table 4.16 c), 
although the signal-to-noise ratio is not satisfactory. Alternatively, 5% CH2Cl2-0.5% 
IPA-95% hexane (Table 4.16 f) may be a better choice taken into consideration of 
both resolution and signal-to-noise ratio. 
Table 4.16 Enantioseparation of benzoin ethyl ether 5b in different mobile phases  
on CSP AzCPC-4-CH3. 
  
a) 1% IPA-99% Hexane 
 
k1' = 2.03                      k2' = 2.51 
α = 1.24                       Rs = 1.73 
b) 0.5% IPA-99.5% Hexane 
 
k1' = 3.00                      k2' = 3.87 
α = 1.29                       Rs = 1.84 
c) 10% CHCl3-0.5% IPA-90% Hexane 
 
k1' = 1.76                      k2' = 2.25 
α = 1.27                       Rs = 1.91 
d) 10% CH2Cl2-0.5% IPA-90% Hexane 
k1' = 1.40                      k2' = 1.77 
α = 1.27                       Rs = 1.82 
e) 5% CHCl3-0.5% IPA-95% Hexane 
 
k1' = 2.15               k2' = 2.69 
α = 1.25                 Rs = 1.89 
f) 5% CH2Cl2-0.5% IPA-95% Hexane 
 
k1' = 1.91                   k2' = 2.38 
 α = 1.25                     Rs = 1.85 
(To be continued) 
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Table 4.16 (continued) 
g) 2% CHCl3-0.5% IPA-98% Hexane 
 
k1' = 2.34                     k2' = 2.86 
α = 1.22                     Rs = 1.90 
h) 2% CH2Cl2-0.5% IPA-98% Hexane 
 
k1' = 2.45                    k2' = 2.89 
α = 1.18                     Rs = 1.44 
 
The resolution results of benzoin methyl ether 5a on CSP AzCPC-3,5-(CH3)2 
in different standard and non-standard mobile phases are listed in Table 4.17. 5a is 
baseline resolved in all the mobile phases in Table 4.17.  
 
Table 4.17 Enantioseparation of benzoin methyl ether 5a in different mobile phases  
on CSP AzCPC-3,5-(CH3)2. 
 
Standard mobile phase 
a) 2% IPA-98% Hexane 
 
k1' = 1.45                      k2' = 1.83 
α = 1.26                       Rs = 2.57 
b) 1% IPA-99% Hexane 
 
k1' = 2.34                      k2' = 3.06 
α = 1.31                       Rs = 3.01 
CHCl3-containing mobile phase CH2Cl2-containing mobile phase 
c) 18% CHCl3-2% IPA-80% Hexane 
 
k1' = 0.52                      k2' = 0.68 
α = 1.31                       Rs = 1.69 
d) 18% CH2Cl2-2% IPA-80% Hexane 
 
k1' = 0.52                      k2' = 0.65 
α = 1.24                       Rs = 1.51 
(To be continued) 
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Table 4.17 (continued) 
e) 8% CHCl3-2% IPA-90% Hexane 
 
k1' = 0.88                      k2' = 1.16 
α = 1.32                       Rs = 2.39 
f) 8% CH2Cl2-2% IPA-90% Hexane 
 
k1' = 0.86                      k2' = 1.12 
α = 1.30                       Rs = 2.25 
g) 2% CHCl3-1% IPA-97% Hexane  
 
k1' = 1.90                      k2' = 2.57 
α = 1.35                       Rs = 2.66 
h) 2% CH2Cl2-1% IPA-97% Hexane 
 
k1' = 1.99                      k2' = 2.69 
α = 1.35                       Rs = 2.77 
i) 50% CHCl3-0.5% IPA-50% Hexane  
 
k1' = 0.64                      k2' = 0.73 
α = 1.13                       Rs = 0.94 
j) 50% CH2Cl2-0.5% IPA-50% Hexane 
 
k1' = 0.63                      k2' = 0.68 
α = 1.08                       Rs = 0.73 
k) 5% CHCl3-0.5% IPA-95% Hexane  
 
k1' = 2.33                   k2' = 2.78 
α = 1.19                       Rs = 2.54 
l) 5% CH2Cl2-0.5% IPA-95% Hexane 
 
k1' = 2.03                      k2' = 2.56 
α = 1.26                       Rs = 2.94 
(To be continued) 
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Table 4.17 (continued) 
m) 2% CHCl3-0.5% IPA-98% Hexane  
 
k1' = 2.56                      k2' = 3.06 
α = 1.19                       Rs = 2.12 
n) 2% CH2Cl2-0.5% IPA-98% Hexane 
 
k1' = 2.28                      k2' = 2.68 
α = 1.18                       Rs = 2.50 
 
Different from 5b and 5c, resolution of 5a in standard mobile phase is better 
than resolution in non-standard mobile phase. For example, resolution in 2% IPA-
98% hexane (Rs = 2.57, Table 4.17 a) is larger than in 8% CHCl3-2% IPA-10% 
hexane (Rs = 2.39, Table 4.17 e) or 8% CH2Cl2-2% IPA-10% hexane (Rs = 2.25, 
Table 4.17 f). Even though the IPA ratio has been decreased to 0.5% in the non-
standard mobile phases (Table 4.17 i-n), they are not as good as standard mobile 
phase (1% IPA-99% hexane, Table 4.17 b). Judging from the resolution and signal-to-
noise ratio, 1% IPA-99% hexane would be considered the optimized mobile phase for 
enantioseparation of 5a on CSP AzCPC-3,5-(CH3)2.  
Interestingly, among non-standard mobile phases containing 0.5% IPA, the 
optimum resolution was obtained on mobile phase containing 5% CHCl3 or CH2Cl2 
(Table 4.17 k-l) rather than 2% (Table 4.17 m-n). This shows that lower polarity and 
longer retention time do not necessarily lead to better enantioseparation. As an 
example, although k1' in 2% CH2Cl2-0.5% IPA-98% hexane (2.28, Table 4.17 n) is 
larger than k1' in 5% CH2Cl2-0.5% IPA-95% hexane (2.03, Table 4.17 l), the 
resolution of the former (2.50) is poorer than the latter (2.94). 
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The enantioseparation results of benzoin benzoate 6 are shown in Table 4.18. 
The CHCl3-containing mobile phases are clearly superior to the CH2Cl2-containing 
mobile phases in both enantioselectivity α and resolution Rs.  
Table 4.18 Enantioseparation of benzoin benzoate 6 in different mobile phases  
on CSP AzCPC-3,5-(CH3)2. 
  
a) 10% IPA-90% Hexane 
 
k1' = 1.53                      k2' = 1.73 
α = 1.13                       Rs = 1.12 
b) 5% IPA-95% Hexane 
k1' = 1.98                      k2' = 2.31 
α = 1.16                       Rs = 1.50 
c) 2% IPA-98% Hexane 
 
k1' = 2.51                      k2' = 2.92 
α = 1.16                       Rs = 1.40 
d) 5% THF-5% IPA-90% Hexane 
 
k1' = 1.26                      k2' = 1.40 
α = 1.11                       Rs = 1.06 
e) 10% CHCl3-10% IPA-80% Hexane 
 
k1' = 0.57                      k2' = 0.63 
α = 1.10                       Rs = 0.74 
f) 10% CH2Cl2-10% IPA-80% Hexane 
 
k1' = 0.48                      k2' = N.A. 
α = ca. 1                       Rs = N.A. 
g) 10% CHCl3-5% IPA-85% Hexane 
 
k1' = 0.73                      k2' = 0.82 
α = 1.12                       Rs = 0.88 
h) 10% CH2Cl2-5% IPA-85% Hexane 
 
k1' = 0.60                      k2' = 0.64 
α = 1.05                       Rs = 0.47 
(To be continued) 
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Table 4.18 (continued) 
i) 10% CHCl3-2% IPA-88% Hexane 
 
k1' = 1.02                      k2' = 1.16 
α = 1.13                       Rs = 0.97 
j) 10% CH2Cl2-2% IPA-88% Hexane 
 
k1' = 0.83                      k2' = 0.88 
α = 1.06                       Rs = 0.58 
k) 8% CHCl3-2% IPA-90% Hexane 
 
k1' = 1.08                      k2' = 1.23 
α = 1.14                       Rs = 1.15 
l) 8% CH2Cl2-2% IPA-90% Hexane 
 
k1' = 1.01                      k2' = 1.12 
α = 1.11                       Rs = 0.90 
m) 2% CHCl3-1% IPA-97% Hexane 
 
k1' = 2.81                      k2' = 3.37 
α = 1.20                       Rs = 1.52 
n) 2% CH2Cl2-1% IPA-97% Hexane  
 
k1' = 2.74                      k2' = 3.23 
α = 1.18                       Rs = 1.50 
 
When the amount of IPA and chlorinated solvent decreases, the enantio-
separation of 6 is gradually improved. However, even when IPA is decreased to 1% 
and CHCl3/CH2Cl2 is decreased to 2% (Table 4.18 m-n), the resolution is similar to 
the resolution in standard mobile phase (5% IPA-95% hexane, Table 4.18 b). A 
further decrease in IPA or chlorinated solvent will result in longer retention time, 
making the analysis less time efficient. Standard mobile phase 5% IPA-95% hexane 




Ten substituted azido cellulose phenylcarbamate (AzCPC) derivatives have 
been synthesized by the homogenous synthetic route. Each of the derivatives has 
either electron-donating or electron-withdrawing group(s) on the phenyl ring. The 
derivatives were immobilized onto aminopropyl silica gel via the “bonding-with-pre-
coating” approach and the CSPs were packed in HPLC columns for evaluation. 
Enantioseparation results in standard IPA-hexane mobile phases show that 
CSP AzCPC-3,5-(CH3)2 is the best CSP for resolution of more than half of the tested 
racemic compounds. Other CSPs which show good enantioselectivity towards some 
racemates include CSP AzCPC-4-CH3, AzCPC-3-Cl, AzCPC-4-Cl and AzCPC-4-I. 
It is essential to control the amount of polar component (IPA) in the mobile phase in 
order to achieve the best separation within the appropriate time span. On the one hand, 
low IPA concentration (2% or 1%) is required for some racemates that only slightly 
interact with the CSP, such as benzoin ethyl/isopropyl ether. On the other hand, 
relatively high IPA concentration (10% or 5%) is a better choice for some polar 
racemates which retain strongly on the CSP, such as benzoin, 5-methoxyflavanone 
and 1-(9-anthryl)-2,2,2-trifluoroethanol. 
In non-standard mobile phases, the above CSPs also show good and often 
improved enantioselectivities than in standard mobile phases. Chlorinated solvents 
(CHCl3 and CH2Cl2) are generally better mobile phase additives than non-chlorinated 
solvent (THF). For most racemates, the optimized mobile phase is found to be the 
chlorinated-solvent-IPA-hexane solvent system. Compared with the standard IPA-
hexane system, the chlorinated-solvent-containing system often offers higher enantio-
selectivity α and hence improved resolution Rs in a similar or even shorter analysis 
time. The optimized enantioseparations for some racemates are summarized: 
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Racemate CSP Mobile phase α Rs
flavanone AzCPC-3,5-(CH3)2 5% CHCl3-0.5% IPA-95% Hexane 1.12 1.46
5-methoxyflavanone AzCPC-3,5-(CH3)2 15% CHCl3-2% IPA-83% Hexane 1.24 2.04
6-methoxyflavanone AzCPC-4-I 9% CH2Cl2-1% IPA-90% Hexane 1.14 1.18
7-methoxyflavanone AzCPC-3,5-(CH3)2 5% THF-5% IPA-90% Hexane 1.12 1.35
benzoin AzCPC-3,5-(CH3)2 10% CH2Cl2-2% IPA-88% Hexane 1.18 1.89
benzoin methyl ether AzCPC-3,5-(CH3)2 1% IPA-99% hexane 1.31 3.01
benzoin ethyl ether AzCPC-4-CH3 5% CH2Cl2-0.5% IPA-95% Hexane 1.25 1.85
benzoin isopropyl ether AzCPC-4-CH3 5% CH2Cl2-0.5% IPA-95% Hexane 1.20 1.36
benzoin benzoate AzCPC-3,5-(CH3)2 5% IPA-95% hexane 1.16 1.50  
 
The immobilized CSPs are stable in mobile phases containing chloroform, 
dichloromethane or tetrahydrofuran after repeated runs, indicating the stability of urea 












5.1  General 
 
5.1.1  Materials 
Triphenylphosphine, imidazole, sodium azide, hydrochloric acid and cellulose 
(Avicel, DP~200) were purchased from Merck. Iodine and lithium chloride were 
purchased from Fisher. 4-Methoxytrityl chloride and diisopropylamine were 
purchased from Aldrich. Carbon dioxide was obtained from Singapore Oxygen Air 
Liquide Pte Ltd. 
Phenyl isocyanate was purchased from Merck and 2-chlorophenyl isocyanate 
was purchased from Acros. 3-Chloro-, 4-fluoro-, 3,5-dimethyl- and 3,5-dichloro-
phenyl isocyanate were purchased from Aldrich. 4-Chloro-, 4-bromo-, 4-iodo-, 4-
methoxy- and 4-(trifluoromethoxy)phenyl isocyanate were purchased from Alfa Aesar. 
N,N-Dimethylacetamide (DMAc) and tetrachloromethane were purchased 
from Merck. N,N-Dimethylformamide (DMF) and toluene were purchased from 
Fisher. Pyridine and p-dioxane were purchased from J. T. Baker. The solvents used in 
the chromatographic experiments were of HPLC grade. 
Silica gel with a mean particle size of 5 μm and a mean pore size of 100 Å was 
purchased from Kromasil, and was silanized using 3-aminopropyltriethoxysilane in 
toluene at 80 oC. Stainless steel HPLC empty columns (∅4.6×250 mm) were 
purchased from Phenomenex. 
Biphenyl was purchased from Alfa Aesar and 1,3,5-tri-tert-butylbenzene was 
purchased from Aldrich. The racemate samples were purchased from Sigma-Aldrich 
or Alfa Aesar. 
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5.1.2  Characterization instrumentation 
1H and 13C NMR spectra were recorded on a Bruker ACF300 (300 MHz) or a 
Bruker DPX300 (300 MHz) spectrometer (1H: 300MHz, 13C: 75MHz). Chemical 
shifts are reported in parts per million (ppm) downfield of tetramethylsilane (TMS). 
Fourier transform infrared spectroscopy (FTIR) was performed on a Bio-Rad 
Excalibur FTS 3000 FTIR spectrometer. Samples were prepared as KBr pellets. 
Elemental analysis was determined on an Elementar Vario MICRO Cube.  
 
5.1.3  HPLC instrumentation 
The HPLC system (Agilent 1100 series) consisted of a quaternary LC pump 
model G1311A, a UV-Vis variable wavelength detector model G1314A, an 
autosampler model G1313A and a degasser model G1322A.  
Detection was at 254 nm and flow rate was 0.5 mL/min, if not specially 
indicated. All chromatograms were recorded at 25 oC. Racemates were dissolved in 
IPA or chloroform for normal phase analysis and methanol for reverse phase analysis. 
 
5.1.4  Basic chromatographic parameters 
Retention time (tR): the time which elapses between the injection and the 
elution of a solute.  
Dead time (t0): the time for mobile phase (or an unretained solute) to travel 
from the injection port to the detector. 
Half width (W1/2): the width of a peak at its half height. 
Baseline width (W): the width of a peak at the baseline.  
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Theoretical plate number (N): reflects the column's ability to separate a 





tN R×=  
Capacity factor (k'): the ability of a stationary phase to retain a solute, which is 
independent of the flow rate and the physical dimension of the column. 
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ttR − . 
Selectivity (α): also known as separation factor, describes the ability of a 















Optimization of resolution can be realized by adjusting capacity factor k', 
















Figure 5.1 Illustration of an enantioseparation. 
 
5.2  Synthesis of azido phenyl carbamate (AzCPC) 
 
5.2.1  Synthesis of AzCPC by the “protection-deprotection” route 
 
5.2.1.1 Dissolution of cellulose in DMAc/LiCl 
Cellulose was dissolved in the DMAc/LiCl solvent system. Typically, 1.6 g 
(10 mmol) of cellulose was dried under vacuum overnight at 60 oC. 30 mL of dry 
DMAc was added and the mixture was heated at 160 oC for 2 h. The temperature was 
lowered to 100 oC and 3.0 g of dry LiCl was added. The mixture was stirred at room 
temperature overnight to afford a clear, colorless, viscous solution of cellulose in 
DMAc/LiCl. 
 
5.2.1.2 Synthesis of 6-O-(4-methoxytrityl)-2,3-diphenylcarbamoylcellulose - III 
Cellulose (4.9 g, 30 mmol) was dissolved in 90 mL of DMAc/LiCl. 4-
Methoxyltrityl chloride (46.2 g, 150 mmol) was dissolved in 40 mL DMAc and 12 
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mL pyridine and added dropwise. The reaction mixture was heated at 100 oC for 24 h. 
Phenyl isocyanate (22.0 mL, 203 mmol) was then added dropwise and the reaction 
was continued at 80 oC for another 24 h. 
The reaction mixture was precipitated in 4 L of methanol. The precipitate was 
washed with methanol until the filtrate became colorless. The precipitate was finally 
separated by suction filtration and dried under vacuum at 50 oC overnight. Yield: 18.1 
g, 90%. IR (KBr, cm-1,): 3391 (N-H stretching), 3058 (aromatic C-H stretching), 2952 
(sp3 C-H stretching), 1748 (C=O stretching), 1603 (aromatic ring stretching), 1528 
(amide N-H in-plane bending), 1444 (aromatic ring stretching), 1219 (C-O stretching), 
1068 (C-O stretching), 755 (aromatic C-H out-of-plane bending), 691 (aromatic ring 
out-of-plane bending). 13C NMR (DMF-d7), δ (ppm): 159.4 (ipso C of MeO), 152-156 
(C=O), 112-147 (aromatic C), 98-104 (C1), 86.6 (MeO-Ph-C-Ph2), 70-81 (C2-5), 61-
65 (C6), 55.8 (CH3O-). 
 
5.2.1.3 Synthesis of 2,3-diphenylcarbamoylcellulose - IV 
6-O-(4-Methoxytrityl)-2,3-diphenylcarbamoylcellulose (17.9 g, 27 mmol) was 
dissolved in 150 mL of p-dioxane. Concentrated hydrochloric acid (10 mL, 120 mmol) 
was gradually added to the solution and the solution was stirred at room temperature. 
After 24 h, the solution was added dropwise to 2.5 L of methanol. The white 
precipitate was separated by suction filtration and washed with methanol and water 
until the filtrate became neutral. The product was finally dried under vacuum at 50 oC 
overnight. Yield: 9.9 g, 93%. IR (KBr, cm-1): 3408 (overlapping of O-H stretching 
and N-H stretching), 3061 (aromatic C-H stretching), 2907 (sp3 C-H stretching), 1734 
(C=O stretching), 1603 (aromatic ring stretching), 1541 (amide N-H in-plane 
bending), 1447 (aromatic ring stretching), 1317 (amide C-N stretching), 1226 (C-O 
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stretching), 1063 (C-O stretching), 756 (aromatic C-H out-of-plane bending), 690 
(aromatic ring out-of-plane bending).  
 
5.2.1.4 Synthesis of azido cellulose phenylcarbamate (AzCPC) - V 
2,3-Diphenylcarbamoylcellulose (8.6 g, 21 mmol) was dissolved in 70 mL of 
DMF to afford a clear, viscous, light yellow solution. A mixture of iodine (12.7 g, 50 
mmol), triphenylphosphine (13.1 g, 50 mmol) and imidazole (6.8 g, 100 mmol) was 
dissolved in 50 mL of DMF and added dropwise to the polymer solution. The reaction 
mixture was stirred at 80 oC for 24 h before sodium azide (16.2 g, 250 mmol) was 
added. After another 24 h, phenyl isocyanate (5.0 mL, 46 mmol) and pyridine (5.0 mL) 
were slowly added and the reaction continued for 24 h. Finally, the reaction mixture 
was precipitated in a mixture of methanol-water (2L, 3:1). The precipitate was washed 
with methanol-water, filtered and dried under vacuum at 50 oC overnight. Yield: 8.0 g, 
75%. IR (KBr, cm-1): 3392 and 3315 (N-H stretching), 3060 (aromatic C-H 
stretching), 2955 (sp3 C-H stretching), 2108 (N3 anti-symmetric stretching), 1739 
(C=O, stretching), 1602 (aromatic ring stretching), 1541 (combination of N-H 
bending and C-N stretching), 1446 (aromatic ring stretching), 1227 (coupled C-N and 
C-O stretching), 1065 (C-O stretching), 756 (aromatic C-H out-of-plane bending), 
692 (aromatic ring out-of-plane bending). 1H NMR (acetone-d6), δ (ppm): 8.62-8.32 
(NH), 7.39-6.75 (aromatic H), 5.01-3.66 (AGU H). 13C NMR (acetone-d6), δ (ppm): 
155.6-153.7 (C=O), 140.3-119.8 (aromatic C), 102.6 (C1), 78.8 (C4), 74.9 (C3,5), 
74.2 (C2), 64.6 (C6-OCONHPh), 51.4 (C6-N3). 
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5.2.2  Synthesis of AzCPC by homogeneous route 
 
5.2.2.1 Synthesis of azido cellulose 
In the homogeneous synthesis route, cellulose was dissolved in DMAc/LiCl 
system and reacted with iodine/triphenylphosphine/imidazole in different ratios. 
Typically, pre-dried cellulose (1.6 g, 10 mmol) was first dissolved in DMAc/LiCl. 
Different amount of iodine, triphenylphosphine and imidazole (in the molar ratio of 
1:1:2) were dissolved in DMAc and slowly added to the cellulose solution. After 24 h 
of reaction at 100 oC, the nearly colorless, viscous solution became yellow. To the 
solution was added an excess of sodium azide and the reaction was continued for 
another 24 h. The reaction mixture was then precipitated in methanol, washed with 
methanol and water and dried under vacuum at 50 oC overnight. The details of the 
reagents in the synthesis are given in Table 5.1. 
















AzCPC-0.5I2 6.1 3.1 3.0 6.1 0.5:1 15.5 5.1:1 
AzCPC-1.0I2 10.1 10.0 10.1 20.0 1.0:1 50.0 5.0:1 
AzCPC-1.5I2 10.4 15.7 15.6 31.3 1.5:1 81.4 5.2:1 
AzCPC-2.0I2 10.1 20.2 20.2 40.4 2.0:1 102.8 5.1:1 
AzCPC-2.5I2 6.2 15.7 15.6 31.1 2.5:1 77.5 5.0:1 
 
5.2.2.2 Synthesis of AzCPC by perfunctionalization of azido cellulose 
Azido cellulose was suspended in 50 mL of dry pyridine and the reaction flask 
was cooled in an ice-water bath. Phenyl isocyanate (6.5 mL, 60 mmol) was added 
dropwise and the reaction was then heated at 80 oC for 24 h. The clear solution was 
then added dropwise to 500 mL of methanol. The precipitate was filtered by suction 
filtration, washed with methanol and dried under vacuum at 50 oC overnight.  
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5.2.2.3 Synthesis of substituted azido cellulose phenylcarbamate 
Azido cellulose (10 mmol) was suspended in 50 mL of dry pyridine and the 
round bottom flask was cooled in an ice-water bath. Substituted phenyl isocyanate (60 
mmol), either as pure liquid or dissolved in small volume of pyridine, was gradually 
added and the reaction was then heated at 80 oC for 24 h. The clear solution was then 
added dropwise to 300 mL of methanol or methanol-water mixture. The precipitate 
was filtered by suction filtration, washed by methanol or methanol-water mixture and 
dried under vacuum at 50 oC overnight.  
 
5.2.2.4 Synthesis of diisopropylureido cellulose phenylcarbamate (DIPUCPC) 
Typically, AzCPC (1 mmol) was dissolved in 20 mL of dry THF. Carbon 
dioxide was continuously bubbled into the solution and diisopropylamine (1.1 mL, 8 
mmol) was added dropwise. A solution of triphenylphosphine (1.6 g, 6 mmol) in 20 
mL of dry THF was then added dropwise. The solution was stirred at room 
temperature with carbon dioxide bubbling for 24 h. The solution was concentrated by 
rotary evaporation, precipitated in ethanol, washed with ethanol, filtered by suction 
filtration and dried under vacuum at 50 oC overnight. 
  
5.3  Preparation and packing of CSPs 
 
5.3.1  Preparation of CSP via the “bonding with pre-coating” approach 
Typically, AzCPC (1.0 g, 2.0 mmol) was dissolved in 20 mL of THF. The 
light yellow solution was filtrated through an Altech 0.45 μm PTFE syringe filter to 
remove any insoluble particles and fibers. 10 mL of the polymer solution was mixed 
with 4.2 g of pre-dried aminopropyl silica gel and the solvent was removed under 
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vacuum. The coating process was repeated with the remaining 10 mL of the polymer 
solution. 
The obtained coated-silica was suspended in 30 mL of dry toluene with gentle 
stirring. A solution of triphenylphosphine (2.0 g, 7.6 mmol) in 30 mL of dry toluene 
was added to the silica suspension. Carbon dioxide was bubbled into the suspension at 
room temperature for 48 h. The suspension was filtered and extracted by THF for 24 h. 
The obtained immobilized-silica was finally dried under vacuum at 50 oC overnight. 
Yield: 4.0 g. IR (cm-1, KBr): 3467 (silica), 2934 (sp3 C-H stretching), 1735 (C=O 
stretching), 1647 (silica), 1552 (N-H in-plane bending), 1447 (aromatic ring 
stretching), 1098 (silica), 801 (silica), 469 (silica). Elemental analysis: C 15.58%, H 
2.03%, N 3.24%. 
The CSPs from “iodine-series” AzCPC and substituted AzCPC were prepared 
similarly. 
 
5.3.2  Preparation of CSP via the “bonding-without-pre-coating” approach 
Aminopropyl silica gel (4.0 g) was suspended in 100 mL of dry THF. AzCPC 
(1.0 g, 2.0 mmol) was dissolved in 50 mL of THF, filtered and added to the silica 
suspension. The mixture was gently stirred at room temperature and a 
triphenylphosphine (1.0 g, 3.8 mmol) solution in THF was gradually added. Carbon 
dioxide was bubbled into the reaction mixture for 48 h at room temperature. The 
suspension was filtered and extracted with THF for 24 h. The immobilized silica gel 
was dried under vacuum at 50oC overnight. Yield: 3.8 g. IR (cm-1, KBr): 3464 (silica), 
2935 (sp3 C-H stretching), 1734 (C=O, stretching), 1647 (silica), 1552 (N-H in-plane 
bending), 1448 (aromatic ring stretching), 1089 (silica), 801 (silica), 471 (silica). 
Elemental analysis: C 10.43%, H 1.69%, N 2.15%. 
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5.3.3  HPLC column packing 
The immobilized CSPs were packed by the slurry method. The slurry solvent 
was p-dioxane/tetrachloromethane and the packing solvent was methanol. 3.5 g of 
CSP was packed into a stainless steel column (∅4.6×250 mm) at a pressure of 7800 
psi for 20 min before the pressure was gradually released. The column was 








and suggestions for future work 
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6.1  Conclusion 
A new class of chiral stationary phases has been developed based on 
immobilization of azido cellulose derivatives. Seventeen CSPs have been prepared in 
the following three series. 
(i)  “Immobilization approach” series: CSP AzCPC-I and CSP AzCPC-II. 
These two CSPs were prepared from the same chiral selector AzCPC (from the 
“protection-deprotection” synthetic route). CSP AzCPC-I was prepared via the 
“bond-with-pre-coating” approach and CSP AzCPC-II was via the “bonding-without-
pre-coating” approach. The influence of pre-coating step was investigated by using 
the same chiral selector, substrate and chemical linkage. The CSPs showed 
satisfactory enantioselectivities towards a variety of racemic compounds in standard 
normal phase, chloroform-containing normal phase and reverse phase. The CSP 
AzCPC-I immobilized via the “bonding-with-pre-coating” approach has a larger 
surface concentration and thus larger loading capacity, which is essential for semi-
preparative and preparative scale chromatography. By comparison of the two CSPs, 
the “bonding-with-pre-coating” approach has been proven a better immobilization 
approach and utilized in the subsequent work. 
(ii) “Iodine-ratio” series: the azido cellulose phenylcarbamates in this series 
were synthesized by the homogenous synthetic route in DMAc/LiCl solvent system. 
Five AzCPCs have been synthesized by adjusting the iodine-cellulose ratio in order to 
control the amount of azido spacer. The structures of these AzCPCs were 
characterized by elemental analysis, FT-IR, 1H and 13C NMR. The AzCPCs were 
immobilized via the “bonding-with-pre-coating” approach to afford the “iodine-ratio” 
series CSPs. Enantioseparation results show that CSP AzCPC-1.5I2 (iodine : cellulose 
= 1.5:1) is the best among the five CSPs. In addition, a comparison between the non-
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standard and standard mobile phases was made using CSP AzCPC-1.5I2. It is found 
that chloroform-containing, dichloromethane-containing and tetrahydrofuran-
containing mobile phases can improve the enantioseparation results of some 
racemates such as trans stilbene oxide, flavanone, 5-methoxyflavanone, benzoin ethyl 
ether, benzoin isopropyl ether and benzoin, whereas ethyl-acetate-containing mobile 
phases show no improvement to any of the tested racemates. 
(iii) “Substituted AzCPC” series: ten substituted AzCPCs were synthesized 
by reaction of azido cellulose with ten different substituted phenyl isocyanates. In the 
synthesis, the iodine-cellulose ratio was kept at constant 1.5:1 and the phenyl 
isocyanates had different electron-donating or electron-withdrawing groups on the 
phenyl ring. The substituted AzCPCs were immobilized via the “bonding-with-pre-
coating” approach and the resulted CSPs were compared. Similar to previously 
reported results in the literature, CSPs with substituents on the 3- and 4-position of the 
phenyl rings generally showed improved enantioselectivity than the un-substituted 
CSPs, while the CSPs with substituents on the 2-position of the phenyl ring showed 
poorer performance. In addition, CSP AzCPC-4-CH3O and AzCPC-4-CF3O 
performed poorly because the polar methoxy or trifluoromethoxy groups are far from 
the chiral AGU. The current study confirms the above results not only in the 
“standard” mobile phases (IPA-hexane) but also in the “non-standard” mobile phases 
(CHCl3-IPA-hexane, CH2Cl2-IPA-hexane and THF-IPA-hexane). Because of the 
bonded nature of the immobilized CSPs in this thesis, they are resistant to “non-
standard” mobile phases of different mix. Optimizations of enantioseparation for 




To conclude, a new immobilization method has been developed to synthesize 
new chiral stationary phases. Azido cellulose phenylcarbamate derivatives were 
reacted with aminopropyl silica gel to afford stable CSPs with urea linkages. The 
synthesis of azido cellulose phenylcarbamates, the immobilization of azido cellulose 
phenylcarbamates on silica, the effect of the amount of azido spacer group and the 
different substitution groups on the ultimate performance of the CSPs have been 
investigated and optimized. The obtained CSPs show high stability in all mobile 
phases and give satisfactory enantioseparation results. Enantioseparations of several 
racemates have been optimized on various CSPs. 
 
6.2  Suggestions for future work 
The highly ordered 3-D structure of cellulose phenylcarbamates is essential for 
successful enantioseparations.3 In cellulose triphenylcarbamate, all the hydroxyl 
groups have been converted to phenylcarbamates, which help to maintain the helical 
structure of cellulose polymer chain. On the other hand, in AzCPCs, some hydroxyl 
groups have been converted to azido groups instead of phenylcarbamate groups. The 
azido groups would change the highly ordered 3-D structure of AzCPC and the 
change becomes more significant when more azido groups are present on the cellulose 
chain. It is therefore expected that a reduction of the amount of azido groups would 
lead to chiral selectors with better chiral discrimination ability. However, the 
reduction of azido as the spacer group may result in a smaller amount of AzCPC to be 
immobilized on the silica gel. In other words, a combination of AzCPC with less 
azido groups and a more efficient immobilization approach would be an obvious 
approach in the future work. 
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In the current work, various azido cellulose phenylcarbamates have been used 
as the chiral selectors. The work can be extended to other polysaccharides and other 
derivatives. Polysaccharides such as amylose, amylopectin, chitosan, chitin, xylan, 
curdlan, dextran, inulin, pullulan and guar are some natural occurring chiral polymers 
and they can be converted to azido polysaccharide derivatives as potential chiral 
selectors. The free hydroxyl groups of the polysaccharide can be converted to 
benzoates, aliphatic acid esters, alkyl ethers or cycloalkylcarbamates by reaction with 
corresponding benzoic chlorides, carboxylic acid anhydrides, alkyl halides or cyclo-
alkyl isocyanates. Different polysaccharide derivatives may demonstrate enantio-
selectivity towards different classes of chiral compounds, broadening the applicability 
of the CSPs. 
Monolithic columns are probably one of the most promising HPLC columns in 
the future because of its high speed, low column backpressure and fast mass transfer 
kinetics.234 The initial attempts to combine monolithic columns with polysaccharide 
chiral selectors generated new CSPs with high speed of enantioseparation.232,233 The 
mild reaction condition of the Staudinger reaction makes AzCPC a potential chiral 
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